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ABSTRACT 

The RNA ejection and penetration steps of phage R17 infec- 
tion has been investigated in greater detail. 

It was found that viral RNA extensively degraded in situ 
by the indirect effects of oe decay is able to penetrate into host 
bacteria as fragments. These fragments are quickly degraded by 
cellular nucleases and the nucleotides are reincorporated into cell- 
ular ribonucleates. 

The presence of a saturating concentration (> 1.0 ug/ml) 
of RNase in an infection medium does not affect the penetration of 
phage A protein; however, the RNase does reduce the level of RNA 
penetrating to 3% and 23% of that injected into cells by phage in a 
minus RNase infection, carried out at MOI's of 100 and 1000 particles/ 
cell, respectively. Subsequent studies showed that the RNA penetrating 
in the presence of RNase in intact and infectious. It was surmised 
that there exist positions on the F-pilus where phage RNA may eject 
and penetrate without being degraded by RNase. 

Rapid inactivation of R17 phage océurs when particles are in- 
cubated at 37° in the presence of ascorbate and Guat, The inactivation of 
phage is temperature dependent, requires 0,5 and is suppressed or reduced 
by the inclusion of EDTA, catalase onus. a scavenger of hydroxyl free 
radicals (‘OH), in incubation mixtures. These observations support a 
mechanism whereby 05 and ait act as catalysts in the generation of 
reactive -OH species from ascorbate. ‘OH appears to inactivate phage 


primarily through the cleavage of viral RNA and probable alteration of 


bases. 
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When host bacteria are infected with Benin Scan aoe 
ed phage of decreasing infectivities, the amount of penetrated RNA 
decreases in a nonlinear fashion while the amount of penetrated A 
protein is unaffected. This observation suggests that RNA fragments 
of decreasing average lengths are being transported into cells, per- 
haps as A protein-RNA complexes. A partial or fractional RNA ejection 
mode is also supported by the detection, in the supernatant of infected 
cultures, of partially empty capsids containing fragments of the orig- 
inal genome. The average size of the RNA fragment in such partially 
empty capsids was shown to increase with decreasing infectivities (or 
increasing average number of scissions per RNA molecule). 

Hidden breaks in penetrated RNA were further demonstrated by 
comparing the radioactive profile of eo yetaneled phage RNA (isolated 
from infected cells) separated under benign conditions to that separ- 
ated under denaturing conditions in polyacrylamide gels. A shift 
toward lower molecular weight fragments was observed when the RNA was 
separated in 8M urea gels at 60°. It thus appears that RNA fragments 
held together by complementary base pairing were melted apart under 
denaturing conditions. : 

Analysis of the coat protein mass/RNA mass ratios of particles 
recovered in the supernatant yielded results which indicate that coat 
monomers may detach from the capsid and become cell-associated during 
phage infection. A substantial amount of SERVE ae runceeyee was found 
to be associated with infected cells which were exhaustively washed; 
most of Pe radioactive material was shown to migrate as coat protein 


in SDS-polyacrylamide gels. It was tentatively concluded that phage 
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eclipse probably involves the dissociation from the capsid of some 
coat monomers which may be transported into the cell. 

Partially empty capsids were prepared and isolated on a 
large scale from Saeadenosecor ao onanned ve cievel ed phage. The 
pppGp/Gp ratio of the RNA fragments remaining in partially empty 
capsids was found to increase following fractional RNA ejection, 
while the Agy/AP ratio was found to be markedly lower than the ratio 
obtained for intact phage RNA. These findings suggest that the 3'- 
end of the phage genome (probably in association with A protein) acts 


as the pilot end during the RNA penetration process. 
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The terms 'penetrated RNA' or ‘penetrated RNA fragments' in this 
thesis are defined as R17 RNA molecules, or fragments of molecules, 
which have penetrated into E. coli host cells. Similarly,-'penetrated 


A protein' refers to A protein or fragments of A protein which have 


penetrated into E. coli cells. 
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CHAPTER I 


INTRODUCTION 


Since the discovery of the prototype of the male-specific 
RNA bacteriophages, f2, in 1961 (Loeb and Zinder, 1961), a great 
wealth of scientific information has been garnered from in vivo 
studies of phage RNA as a model mRNA in protein synthesis and as 
a template in RNA replication. One notable highlight has been the 
elucidation of the strategy by which the phage utilizes the secondary 
structure of the RNA and various protein-RNA complexes to regulate 
translational and transcriptional processes. Extensive treatment 
of this aspect of the RNA phage infectious cycle can be found in 
reviews by Valentine eteal <5 (1969) ; Sugiyama et al. (1972), Kozak 
and Nathans (1972), Hindley (1973) and Weissman (1974). 

Despite the amount of effort expended in investigating the 
RNA phage system, one area of the phage life cycle remains poorly 
understood, namely that which concerns the early events occurring 
just before the RNA is injected into the host cell. This stage of 
the phage cycle can be further subdivided into three distinct se- 
quential steps: (a) the attachment or adsorption of phage particles 
to receptor sites on sex pili; (b) a cell-mediated, structural 
change in the phage particle leading to the sensitization of the RNA 
to ribonuclease and/or the uncoating of the viral RNA; and (c) the 
transport of the RNA to and across the cell membrane. The follow- 


ing will be a brief survey of all aspects of the RNA phage system 
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that touches upon these early events. 


Aver nage oceructure 


One of the most attractive points about the f2 class of 
RNA phages (members include R17, R23, MS2, fr, M12) and other 
related groups (Sakurai et al., 1968; Miyake et al., 1969) has been 
their simplicity of structure. Within a group such as the £2, members 
differ to the extent of only a few amino acid replacements in their 
coat proteins (Enger and Kaesberg, 1965; Weber, 1967) or base 
substitutions in their RNA sequences (Thirion and Kaesberg, 1968, 1970) 
and findings from one system can usually be applied to the others. 

In general, the f2 type phages have a molecular mass of about 3.6 

x 10° daltons (Gesteland and Boedtker, 1964). The protein capsid 
consists of 180 coat protein subunits (MW = 13,750) arranged in ico- 
sahedral symmetry (Vasquez et al., 1966) and enclosing a single 
stranded RNA of about 3,300 nucleotides (MW =1.1 x 10°) 

(Sinha et al., 1965). In addition, each particle contains a single 
copy of a minor component (MW = 40,000) known as the "A" or matu- 
Fation protein (Steitz, 1968a, .b). 

Genetic studies have identified the presence of three 
erscttons (Horiuchi et al.,. 19665 Gussin, 1966), two of which are 
accounted for by the coat and A proteins; the third cistron codes for 
the viral RNA synthetase made during the early stages of intracellular 
infection. The order of these three cistrons on the R17 genome was 
deduced to be "5' end - A protein - coat protein - synthetase - 3' 
end" on the basis of the distribution of the three phage protein 


initiation sites between two specific R17 fragments (Jeppeson et al., 
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1970). This approach to the problem was made possible by the 
elegant series of experiments executed by Steitz (1969) | who 
isolated RNA fragments protected by ribosome-RNA initiation 
complexes corresponding to each of the three cistrons. Using the 
RNA sequencing techniques developed by Sanger's group (Sanger Ghe aut. 
1965, Brownlee and Sanger, 1967, 1969; Brownlee et al. 1968), she 
was able to show that each initiation sequence was unique. Cal- 
culations based on the chain length of the phage RNA and the 
molecular ee of the three proteins indicate that sequences 
exist which are not translated. One of these sequences was 
identified and sequenced by Nichols (1970) and shown to be an 
intercistronic region between the coat protein and synthetase genes. 
More recently, FierS"~group (Min Jou et al., 1972; Fiers,et als, 
1975) has sequenced the entire coat protein and A protein cistrons 
of MS2 phage and have proposed several "flower models" showing the 
extensive intrastrand hydrogen bonding of the RNA sequence in thermo- 
dynamically stable states. On the whole, a helical content of about 
70% has been estimated for the isolated RNA (Mitra et al. .4 1963) 
and about 80% for the RNA as packed into its nae (Boedtker, 1967). 
The phage RNA in situ is a highly organized structure. 
Low angle X-ray scattering studies have indicated that the phage 
particle has a mean outer radius of 131.7 A and consists of an 
outer protein shell of about 30 to 40 A thickness, an inner core 
of RNA and a small hollow region of about 15 : radius at the center. 
The inner core contains only about 80% of the RNA, the remaining 202 


is considered to penetrate and interact with the protein shell. 


Furthermore, the phage particle is a highly hydrated entity with 
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1.0 to 0.9 g of water associated with a gram of virus (Fischbach 
et al., 1965; Zipper et al., 1971). Hohn (1969) previously 
proposed that the sugar-phosphate backbone of the RNA is essential 
as a site of attachement for the coat protein. This was supported 
by the work of Matthews and Cole (1972a, b), who showed that the 
interaction between positively charged arginine residues in the 
coat protein and the negatively charged phosphate groups of RNA is 
essential for maintaining the structural integrity of phage particle. 
It is generally believed that mutually opposing forces generated 
by the close juxtapositioning of the phosphodiester backbone in the 
folded RNA are balanced by electrostatic interactions between the 
phosphate groups and basic residues of the coat subunits, as well as by 
the presence of chelating counterions such as ogi (SpiGin 51904). 
Additional stabilization of the highly folded RNA molecule may be 
provided by the presence of spermidine, an organic cation which was 
recently shown by Fukuma and Cohen (1975) to be an indigenous conm- 
ponent of purified R17 bacteriophage. Up to 1000 molecules of 
spermidine were associated with the virion when it was isolated in 
0.01 M KCl,while the phage RNA isolated with phenol plus sodium 
lauryl sulfate contained approximately 70 to 90 molecules of sper- 
midine. 

Much progress has recently been made towards a clearer 
understanding of the structural organization of the phage capsid. 
Mathews and Cole, (1972a,b), on the basis of chemical modification stud- 
ies on the f2 phage coat monomer, have proposed a structural model of 


phage capsid in which: (a) the basic amino acids are on the interior of the 
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shell neutralizing the RNA phosphate groups or interacting with 
counterions; (b) the acidic amino acids are on the exterior 

surface of the phage capsid interacting with solvent; and (c) 

the apolar (hydrophobic) residues are between these two charged 

shells, holding the protein subunits in place (Matthews and Cole, 
1972a,b). Calculations based on the diameter of the phage 

particle and the number and molecular weight of the coat protein 

subunits indicate that about 80% of the surface area is accounted 

for by the 180 subunits (Zipper et al., 1971; Hohn and Hohn, 1970). 

This implies that a certain amount of porosity exists in the phage 
capsid. Evidence in support of this concept has come from the study 

of electron micrographs of phage particles and the observation that 

the capsid structure of R1/ is readily permeable to heavy metal salts. 
Careful characterization of the breakdown products of R17 phage treated 
with guanidine hydrochloride by O'Callaghan et al. (1973a) led to the pro- 
posal that the phage capsid is made up of 20 nonagons arranged in icosa- 
hedral symmetry. However, a weakness of this model is that it was derived 
with the nonphysical assumption that identical polypeptide chains are ar- 
ranged in nonidentical bonding environments. This situation clearly 
violates the principle of quasiequivalence which serves as a guide- 

line for model building of viral structures (Caspar and Klug, 1962; 
Dunker, 1974). More recently, Dunker and Paranchych (1975) have 

advanced a revised model of RNA phage capsid structure in which the 


protein subunits are arranged in a hexagonal net with quasiequivalent 

















74496 Bd GO Ath, SLAG) LAIR. AR ee) aiid fc eee 
‘aneviga Witte dei subsaand, Seti Sey, at eer to om 

\ 
> Gea as bis Padi)? ~* Catdoriganivst) wit adel 


ni Hire Toe eits rive od -T 


q 


, 
i an ‘ . iets 
bs ma i rig 
iY } + { y ] if 
. 1 
4 
' 
~—.. ee *, “at fe 4 res! pws 


i iy Qe 1a Tse 

EY 2 Bt is te es Tell ‘i 
toil weirs + Sa nihpe pen el ae 

Py 7. wa we iQ ty 

[he od cubed, ee kana 3) hewiqqum ala 
. i\ pe a Bios j ledled cpr eh 

Pa yraush ig zk * 2? A IIW! 83NO) fhe ee SRA ae toe Th ota aia 


ere eer! OG 18 17s f4) GPa ae Ba zs FO m1 L tes aie 






Latta (ated) Ha yraaare f Vite eG 9 ae wy 904 Lal} fo el % 


a) an re 
nit at 








; ee Ss i” 


——-_ ey 


rs : 
aa aL 
ee 


dimer bonds and quasiequivalent hexamer bonds. Additionally, 
they proposed that the A protein is situated in, and protrudes 
through one of the opening produced by the coat vrotein subunits 


which circumscribe the 3-fold axis. 





Baap Phage Adsorption And athnemAw. cotedm 


The first step in the infectious cycle of the male- 
specific RNA phages begins with their adsorption to the sides of 
filamentous appendages produced by Hfr and a celts. but notaby 
F cells. Crawford and Gesteland (1964), who first observed this 
adsorption phenomenon, called these appendages "fimbriae". The 
more widely accepted term, F-pili, was suggested by Brinton et al. 
(1964), who had shown that the presence of these structures is a 
necessary condition for sexual conjugation in various gram-negative 
organisms. Maximal attachment of the phage particles takes place 
in 0.1M NaCl solutions or in solutions with a similar ionic strength 
(Danziger and Paranchych 1970a). Divalent cations are not required 
for attachment although their presence is required for RNA pene- 
tration -(Paranchyeh, 1966). Adsorption studies carnied out at 0 
to 4° or with cell-free pili indicated that the process is rever- 
sible and that the recovered phage particles retain full infectivity 
(Valentine and Strand, 1965; Brinton and Beer, 1967; Paranchych 
et al., 1970). Furthermore, Knolle (1967b) has reported that the 
attachment step is a diffusion-limited reaction which probably re- 
quires little or no energy of activation. The process was demonstrated 
by Brinton and Beer (1967) to exhibit only a slight temperature depen- 


dence, 
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The A protein constituent of the phage appears to play 
an important role in determining the infectivity of the phage. 
Studies on defective particles synthesized during the growth of 
A cistron mutants of f2, fr and R17 in non-permissive cells 
(Lodish et al., 1965; Argetsinger and Gussin, 1966; Heisenberg, 
1966), and phage reconstitution studies (Roberts and Steitz, 
1967), have revealed that the A protein is in some way required 
for the assembly of infectious phage. For example, it was found 
that defective particles of amber mutants assembled in non-per- 
missive hosts lack the A protein and do not attach to F-pili 
(Valentine and Strand, 1965; Lodish et al., 1965; Heisenberg and 
Blessing, 1965; Steitz, 1968a,b). Particles reconstituted from 
coat protein subunits and viral RNA were completely non-infectious, 
whereas infectious particles were assembled when A protein molecules 
were included in the mixtures. The low yields of such reconstitu- 
tion studies have been explained by Kaerner's finding (1970) that 
proper assembly is contingent upon correct sequential combinations 
of phage components. In vivo, the binding of A protein to viral RNA 
is an early event in the phage assembly process possibly governing 
the correct aggregation of the coat protein subunits to give rise to 
infectious viral particles. Such early in vivo assembly complexes 
between the RNA and A protein have also been reported by Richelson 
and Nathans (1967), and Bonner (1974). 

The foregoing results led to the postulation of two models 


that attempt to define the role of the A protein. The "core" model 
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predicts that the A protein is located in the interior of the 
phage particle and functions by providing the proper orientation 
of the folded RNA and the coat protein subunits for the attach- 
ment and penetration steps (Hohn and Hohn, 1970). The "tail" 
model predicts that the A protein is located on the surface of 
the phage particle where it facilitates the adsorption to the 
bacterial pilus and the injection of viral RNA (Argetsinger and 
Gussin, 1966; Valentine et al.,1965). Recently, direct evidence 
has been submitted by Curtiss and Krueger (1974) to show that 
the A protein is localized on the surface of the phage particle. 
They found that in situ, the e-amino group of some of the lysine 
residues in MS2 A protein can be covalently linked to dinitro- 
phenol (DNP). Further confirmation of the surface location of the 
A protein was shown by the ability of lactoperoxidase to iodinate 
the A protein in the particle (Curtiss and Krueger, 1974). The 
latter results have been corroborated for R17 by Reynolds (per- 
sonal communication) in this laboratory. 

The study of the early stages of phage attachment and RNA 
ejection and penetration is complicated by the heterogeneous 
nature of phage populations. It appears that not only is the physical 
presence of the A protein required for proper attachment and RNA 
penetration, but that the orientation of the A protein with respect 
to the RNA and protein subunits of the capsid may also be important. 
Three types of particles can be distinguished in a normal burst of 


phage from infected cells (Paranchych et al., 1970; Krahn and 


Paranchych, 1971). About 10% of the phage population, labeled as 
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Class III particles, lack the A protein and do not attach to 
piliated cells; the RNA of these particles is completely re- 
sistant to the activity of RNases. About 10 - 20% (Class I 
particles) are infectious and adsorb relatively strongly to 
F-pili, the equilibrium ratio of attached/unattached infectious 
phage being approximately 9:1. The other 70 - 80% of the 
particles (Class II particles), although noninfectious, are able 
to attach weakly to F~pili. Moreover, the equilibrium ratio of 
attached/unattached phage at each successive stage of a multi- 
step adsorption experiment has shown that the relative affinity 
of infectious Class I particles for F-pili is approximately 3- 
fold greater than that of the non-infectious Class II particles. 

The structure of the receptor site on the F-pilusis 
unknown. F-pili have been characterized as flexible, filamentous 
structures, which are 8.5 - 9.5 nm in diameter and about 1 - 2 
um long (Brinton, 1965). Negatively stained pili show an 
apparent axial hole about 2.5 nm in diameter. Electron micrographs 
show that RNA phage particles adsorb in large numbers along the 
entire length of these pili, suggesting that every pilin sub- 
unit has equivalent capacity to attach phage. 

Highly purified F-pili preparations, homogeneous by both 
chemical and physical criteria, were recently studied in detail 
by Brinton and co-workers (1971, 1973). They found that the F- 
pili are composed of polymerized phosphoglycoprotein subunits of 


molecular weight 11,800. The pilin subunit is unusual with respect 


to amino acid composition; four of the commonly occurring amino 
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acids - cysteine, proline, histidine and arginine - are missing. 
The amino acid sequence has not been determined. The pilin 
molecule also contains two phosphate molecules and one D-glucose 
molecule covalently linked to it. It is not known where the 
phosphate and D-glucose molecules are attached or whether they 
are exposed at the surface of the pilus. 

Genetic studies on the F factor transfer system have 
indicated that F-pilus synthesis is a complex process involving 
several biosynthetic steps responsible for synthesis, modification 
and assembly of pilin subunits. These studies have identified 12 
cistrons required for F transfer (Achtman etvabs, LI72Zs Wibbetts 
andeAchtmany 1972; ippent= Ehbenget sal +;.19/72; Sharp etvakay 1972.5 
Willetts, 1973) and of these, probably one (tra A) codes for the 
F-pilin protein subunit (Paranchych, 1975). Mutants have also been 
isolated which are unable to adsorb certain male-specific phages. 
These mutants comprise strains that are resistant to all tested male- 
specific RNA phages but susceptible to DNA filamentous phages (Meynell 
and Datta, 1967; Silverman et al., 1968), and others which are resist- 
ant to one RNA phage, MS2, but susceptible to another, Qf (and to 
DNA phages) (Meynell and Aufreiter, 1969). It appears that factors 
such as the primary structure of the pilin subunit and the state of 
glucosylation and phosphorylation probably determine the tightness 
of phage adsorption as well as the type of phage adsorbed. Biochem- 
ical and physical characterization of the pili isolated from the 
aforementioned mutants may well shed light on the subject of phage- 


pilin interaction at the molecular level. 
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C. Phage RNA Ejection 


When F-piliated cells are infected with RNA phages at 
37°, the phage attachment step is followed almost immediately by 
an irreversible step which is analogous to the irreversible bind- 


ing step of T, bacteriophage (Garen and Puck, 1951). As is the 


ui 

case with phage attachment, the phage ejection process exhibits 

no need for divalent cations, and proceeds normally when all divalent 

cations are chelated by EDTA (Paranchych, 1966). The completion 

of this step results in the loss of phage infectivity and the sensiti- 

zation of the viral RNA to the degradative action of RNases (Valentine 

and Wedel, 1965; Danziger and Paranchych, 1970b). This phenomenon 

is generally attributed to a stage of the infectious process involving 

the transfer of phage RNA from the virion to the F-pilus, and has been 
described as the ribonuclease-sensitive step (Valentine 

and Wedel, 1965; Paranchych, 1966), the injection step (Valentine 

and Wedel, 1965; Silverman and Valentine, 1969), the invasion step 

(Knolle, 1967a,b) and the eclipse reaction (Paranchych, 1966; 

Danziger and Paranchych, 1970b). Recently Paranchych (1975) has 

recommended that the more precise term, the RNA ejection step, be 

adopted to describe this stage of phage infection. 

The temperature-—dependence of the RNA ejection step together 
with the inability of cell-free F-pili to elicit this reaction strongly 
indicates that some high energy compound or "state" of cellular origin are 
required for the activation of this step. Danziger and Paranchych 
(1970b), by studying the effect of temperature on the rate of the ejection 


reaction, calculated the energy of activation to be 10 kcal/mole. 
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The additional finding that the presence of metabolic inhibitors 
blocked the ejection process was regarded as being consistent 
with the cellular energy premise. However, subsequent findings, 
that the addition of metabolic poisons such as cyanide and 
arsenate to certain bacterial systems leads to the loss of F-pili 
from cells, introduced an element of doubt to the previous in- 
terpretation (Novotny et al., 1972; O'Callaghan etal. aloe). 

More direct proof of the linkage of the cellular energy 
state to phage RNA ejection was furnished by studies in which the 
cellular levels of the four common nucleoside triphosphates (ATP, 
GTP, UTP, and CTP) were monitored during the phage RNA ejection step 
(Paranchych et al., 1970). It was found that the addition of R17 
phage to F-piliated bacteria produced sudden losses in cellular 
nucleoside triphosphage (NIP) levels, a process which was essentially 
completed after 5 minutes. 

There is also some indirect evidence that the energy —de- 
pendent RNA ejection step is not directly coupled to the dephosphory- 
lation of NTP's, but rather to an as yet unknown high energy compound 
located in the cellular membrane. Yamazaki (1969), for example, 
has shown that the ejection reaction causes an abrupt inhibition of 
amino acid transport into the cell, suggesting that the RNA ejection 
process and the amino acid transport process may compete for a 
common membrane-associated energy source. Additionally, Danziger 
and Paranchych (1970b) found that piliated cells still retain their 
ability to promote the ejection reaction with high efficiency under 


conditions where the level of ATP (and presumably other arsenate- 
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sensitive high-energy phosphate compounds) in glucose-grown cells 
was reduced to less than 10% of control levels. It thus seems 
that the NTP losses engendered by the RNA ejection process may 
reflect the general energy state of the cell rather than a direct 
utilization of these compounds. 

The tail model described earlier predicts that the A 
protein is attached to one end of the RNA genome and "pulls" the 
RNA out of the particle during the ejection process. The pro- 
posed existence of a specific RNA-A protein complex implies that 
there is a polarity to’ RNA penetration; that is, either the 3'- 
or the 5'-end of the RNA will act as the leading end during the 
movement of the RNA across the cellular membrane. Support for this 
concept can be found in the different fates of the Class I and II 
particles during the ejection step, Krahn et al, (1972) have 
quantitated the amount of phage RNA and A protein penetrating in- 
fected cells and found that these two components enter the cell in 
about equimolar amounts; presumably these components originate from 
Class I particles. Class II particles, on the other hand, appear 
to undergo an abortive RNA ejection step. The A proteins from such 
particles readily dissociate from the capsids and either remain ad- 
sorbed to pili or desorb into the medium. Due to a postulated 
weak linkage between the A protein and the RNA, all or most of the 
RNA is left behind in the capsid in the RNase-sensitive state (Krahn 
and Paranchych, 1971). Further evidence alluding to the existence 
of an A protein-RNA complex is provided by Oriel's (1969) finding 


that the A protein is associated with RNA fragments released from 
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whole phage following treatment with alkali or heat. As was 
mentioned earlier, an A protein-RNA complex was detected in 

the early assembly stage of infectious particles (Kaerner, 1970; 
Bonner, 1974). 

At present, the nature of the signal which triggers the 
onset of the irreversible ejection step is not completely under- 
stood. A revealing piece of evidence has been the discovery that 
the A protein is fragmented into two subunits of molecular weights 
15,000 and 24,000 prior to penetration into the host cell (Krahn 
et al., 1972). This event has been interpreted as a possible trig- 
gering mechanism which sets into motion the subsequent steps of 
RNA ejection and penetration. At the moment, it is not known whether 
one or both of the 2 fragments remain complexed to one end of the 
RNA during RNA ejection and penetration (vis-a-vis the tail model), 
or whether the fragments and RNA become separate entities after A 
protein fragmentation. Furthermore, the cleavage of a peptide bond 
is a strong indication that an enzyme is involved. This putative 
enzyme can either be located on the F-pilus (thus far no enzymatic 
activity has been detected in F-pili) or on the membrane at the base 
of the pilus. If the latter possibility were true, then the pre- 
diction can be made that phage would be eclipsed at the base of F- 
pili and that attached phage particles have to be transported to the 
base to enter into this reaction. The possible role of the F-pilus 


as a transport system for phage is discussed below. 
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D. The RNA Penetration Process 
There is some uncertainty regarding the requirement 
of energy for the RNA penetration step. Paranchych (1975) has 
suggested that since the pattern of NIP decrease in infected 
cells is the same whether RNA penetrates or not, it is probably 
the RNA ejection step alone that requires an energy of activa- 
tion. Krahn (1971),on the other hand, believed that energy is 
needed for RNA penetration. He cited the figure of 36 kcal/mole 
reported by Knolle (1967b) as representing the overall activation 
energy required for the RNA phage ejection and penetration steps. 
The difference of 26 kcal/mole between Knolle's figure and the 
value of 10 kcal/mole found for the energy of activation for the 
ejection step (Danziger and Paranchych, 1970b) was interpreted by 
Krahn to represent the activation energy of RNA transport into cells. 
The controlled extrusion of RNA from the phage capsid and 
its penetration into the cell appear to be critical stages in RNA 
phage infection. Their success seemingly depends on the RNA being 
in a proper physical state. As described previously, the RNA is 
exposed to the surrounding medium during these steps and the presence 
of RNase precludes RNA penetration by degrading the RNA before it can 
penetrate (Zinder, 1963; Knolle and Kaudewitz, 1963; Valentine and 
Strand, 1965). The penetration of phage RNA was also found to be 
blocked in the absence of divalent cations such as Moar Gag ae 
or ee (Paranchych, 1966) or in presence of antibiotics such as 


neomycin or streptomycin (Brock, 1962; Brock and Wooley, 1963; 
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Schindler, 1965). Since the adsorption and the RNA ejection 

steps were not affected by the preceding conditions, the focus 

of action appears to be centered on the exposed RNA. Although 

the mechanism of action of divalent cations has yet to be eluc- 

idated, they may conceivably help to stablize the phage RNA as 

it unfolds and ejects from the capsid. On the other hand, the 

injection of RNA may somehow be blocked by the binding to RNA of 

neomycin or streptomycin, compounds which are known to be able to 

form complexes with nucleic acids. The formation of this complex is 

probably reversible as it was observed that sufficiently high con- 

centrations of mee ions were able to cancel the inhibitive effect of 

the drugs on phage infection (Brock and Wooley, 1963; Schindler, 1965). 
Besides its role as a phage receptor site, the F-pilus 

is also regarded as the monet: through or on which the phage RNA 

is transported into the host cell. Various models have been pro- 

posed to explain the mechanism of nucleic acid transport by Dala. 

Brinton (1965) originally suggested that the F-pilus was a hollow 

tube through which the nucleic acid is transported. More recently 

he has proposed that F-pili may consist of two parallel protein 

filaments, each consisting of an assembly of F-pilin monomers 

(Brinton, 1971). The transfer of single stranded DNA from donor 

to recipient cells is thus envisaged by Brinton to occur either by 

a conduction mechanism (DNA strands move between stationary F- 

pilus filaments), a conveyer belt mechanism (DNA strand is bound 

to one of the filaments of the F-pilus; F-pilus filaments move with 


respect to each other as a continuous conveyor belt), or a carrier 
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mechanism (DNA strand is bound to both filaments; assembly of 

the F-pilus at the membrane of the donor cell and depolymerization 
at the membrane of the recipient cell results in the movement, of 
the F-pilus towards the recipient). In contrast, Marvin and 

Hohn (1969) and Curtiss (1969) have proposed a model in which the 
F-pilus retracts into the donor cell after receiving an appropriate 
stimulus. According to this model, the adsorption of RNA phage to 
the side, filamentous DNA phage to the tip, or an F cell to the 
tip of the pilus all trigger a retraction of the pilus through a 
process of sequential depolymerization of pili subunits within or 
at the cell membrane. The model proposes that such retraction 
results in RNA phage being pulled to the base of the pilus, where 
tCeIn ;eCtseles RNA, the F bacterium being pulled up close to the 
male bacterium, where a classical conjugation bridge is formed, and 
male-specific DNA phage being pulled to the cell membrane, where it 
either injects its DNA or is pulled into the cell as an entire 
virion. 

The evidence advanced thus far to support the pilus retraction 
hypothesis has been ambiguous. Jacobson (1972) in ae study ofsthe 
penetration of the male-specific filamentous phage, f1, has shown that 
the average number of F-pili with phage attached decreases as phage 
DNA enters the cell, and that .a short lag of 1 - 2 minutes separates 
the loss of F-pili and the penetration of the DNA. During this lag 
period, phage particles were seen to accumulate at the surface of 


the cell. Similar observations were reported by Bradley (1972b) on 
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the interaction between the RNA phage PP7 and Pseudomonas 
aeruginosa pili and interpreted on the basis of pili retraction. 
From parallel studies on the R17 and M13 (a DNA filamentous 
phage) phage San however, Paranchych et al., (1971), and 
O'Callaghan et al. (1973a) concluded that no pili retraction 
had occurred but that observed losses of pili from infected cell 
were due to pili fragmentation. In these studies, the number of 
pili fragments in the medium were shown to rise soon after phage 
infection. The possibility that different mechanisms exist for 
nucleic acid transport in different pili systems, or that DNA or 
RNA may be transported by different means, cannot be ruled out at 
this time. 

The purpose of the foregoing discussion has been to 
delineate the present level of understanding of the early stages 
of RNA phage infection. More importantly, it has attempted to pin- 
point the many gaps in this knowledge and the contradictory infor- 
mation that exists in some areas. This thesis describes studies 
focusing on the fate of the phage RNA during these early stages of 
infection and shortly after its penetration into cells. It will 
also describe studies on the effects of free radicals on the phage 
RNA in situ, and the exploitation of the resulting findings to de- 
termine the polarity of RNA penetration. It is hoped that these 
investigations have resulted in the clarification of certain aspects 
of the early stages of infection although, understandably, the.story 


is still far from complete. 
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CHAPTER II 


MATERIALS AND METHODS 


ee ateerstailic 


i. Bacteria and Bacteriophage 
(a) Bacteriophage 


The RNA phage R17 originally isolated by Paranchych 
and Graham (1962) was used throughout the studies described in 
this thesis. 

(b) Bacteria 


The various strains of Escherichia coli used are: 














Surain Genotype 
E. coli WP156 Hfr met Tie Sm> derived from 
~ Ss Ss 
AB257 (Hfr met Tq cnee 
Eeecola ED2644 ve” Sm° Spe Toe derived from 


ED24.(Ellaci Smn® Spc” Te 


Beco. lr VABSOL Hfr met — 
BoceOli Algo ; Hfr met RNase I derived from 
AB301 
; ca - = aoe ee S 2 
E. coli ED2602 Flac in ED2601 (F lac his trp Sm-Spe 16 
gal lys ) 
BE. acoli B wild type 


Except where specified, E. coli WP156 was used as host cell 
in penetration experiments and as seed culture in plaque assays. 


All strains of E. coli were maintained on hard agar plates 


for routine use. Permanent stocks were stored on hard agar slants 
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in wax-sealed vials. Cell cultures were started by trans- 
ferring a single colony on an agar plate to 10 ml of medium 
which was then shaken in a 37° water bath overnight (12 to 


1B hr). 


Zoeeoacterialy Gulture Media 





(a) Tris (hydroxymethyl) amino methane maleic acid 





minimal salts (TMM) medium 





The basic TMM salts solution contained the following com- 
ponents in moles per liter; Tris, 0.05; maleic acid, 0.05; NaCl, 


0.043: KCl, 0.027; NH 0.001; Na,SO,, 0.001. 


4 4° 2anke 


After dissolving the above in distilled water, the pH was 


C1, 0.019; Na,HPO 


adjusted to 7.3 with concentrated NaOH and the solution autoclaved 
at 126° for 15 min under a steam pressure of 20 eee. 
Complete TMM (CTMM) medium was prepared by combining the 


sterile components listed in the following proportions: 


Basic TMM salts solution 910 ml 
Eagles amino acid concentrate (100X) 10 ml 
50% (w/v) glucose 10 ml 
0.25% (w/v) L-methionine LOmmL 
058M MgCl, 10 ml 
20mg % d-biotin 50 ml 


(b) Various TMM-based media 





(i) CTMM(-aa) medium. This medium contained all the 
regular components of CTMM medium with the omission of the Eagles 


amino acid concentrate. 


(ii) _CTMM (4+ casamino acids). CGasamino acids (Difco, 


0.05%) replaced the Eagles amino acid mixture. 
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(c) Trypticase soy broth (TSB) 


Trypticase soy broth (Baltimore Biological Laboratories) 15 g/1 


Autoclaved solutions had a final pH of 7.2 - 7.3 


(d) Hard agar 


Trypticase soy broth 30a 
Bacto-Agar (Difco) Tae / 1. 
After dissolving, the solution was autoclaved and dispensed 


while warm into disposable Petri dishes. 


(e) Top agar 


Top agar was prepared as above except that the final 
agar concentration was 11 g/l. Sterile top agar was stored in 50 ml 
volumes at 4° until used. In preparation for plaque assays, the agar 
was melted in a boiling water bath, dispensed in 2 ml aliquots into 
sterile culture tubes and maintained in the liquid state until used 


by incubating in a 45 - 50° Temp-Blok (Lab-line Instruments, Inc.). 


3. Bacteria and Phage Diluent 





All dilutions of bacteria or phage were made with a sterile 
solution composed of 0.9% (w/v) NaCl, 5 m™ MgCl, , and 5 mg % bovine 
serum albumin (Sigma Chemical Co.). Diluent was dispensed in 10 ml 
volumes into sterile dilution tubes (20 mm) and stored at 4°. These 


solutions were prewarmed to room temperature before use. 


4, Chemicals, Enzymes and Reagents 


Unlabeled ribonucleosides, ribonucleoside mono-, di- and 


triphosphates, guanosine 5'-tetraphosphate (ppppG), sodium dextran 
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sulfate 500 (NaDS), lysozyme (egg-white), pancreatic ribonuclease 
(5X. recrystallized) and bovine serum albumin were purchased from 
Sigma Chemical Co. Polyethylene glycol 6000 (PEG) was supplied 
by J.T. Baker and Co. Urea (ultra-pure) was purchased from Mann 
Research Laboratories. Sodium dodecyl sulfate (SDS) was obtained 
from Matheson, Coleman and Bell. The NCS reagent employed for 
solubilizing polyacrylamide gel slices was from Nuclear Chicago. 
DNase (RNase free), snake venom phosphodiesterase (SVP), alkaline 
phosphatase (E. coli), and catalase (beef liver) in a powder form 
were purchased from Worthington Biochemical Corp. The source of 
Rifampin B-grade (Rifampicin) was Calbiochem. 

N,N,N',N'-tetramethylethylenediamine (TEMED), acrylamide 
and N,N'-bis-methylene (bis) acrylamide was obtained from Eastman 
Chem. Co. The latter two were recrystallized before use according 
to the procedure published by Loening (1967). 

pGp was isolated according to the procedure outlined by 
Roblin (1968). About 200 mg of yeast tRNA (Sigma) was hydrolyzed 
in 5 ml 0.3N KOH for 24 hr. The hydrolysate was passed through a 
7 x 1.4 em column of Dowex 2(Cl ). After elution of the mononucleo- 
tides with 0.005 N-HC1, pGp was eluted with 0.03 N-HCl. Fractions 
containing pGp were lyophylized and the solid residue taken up in 
distilled water. At pH 8, pGp was identified by the spectral ratios: 


250 nm/260nm = 1.12, 280 nm/260nm = 0.68. 


5. Radioactive Materials 
Radioactive precursors for the preparation of labeled 


phage R17 were obtained from the following sources: 325 (inorganic 
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phosphate, carrier free) and "5 (Na, SO, in H,0, 800 mCi/mmole) , 
New England Nuclear; ee em enendetne (>5Ci/mmole), bez eeaadenoaine 
(30Ci/mmole), gees totitaine (40Ci/mmole) and eWooesanieed dine (45 


Ci/mmole), Amersham/Searle. 


B. Growth of Bacteria 





Experimental cultures were grown at 37° in a rotary- 
shaking water bath from a 1/100 dilution of an overnight E. coli 
culture. In order to achieve maximum aeration and avoid excessive 
breakage of F-pilus, shallow cultures (generally 20% of the flask 
volume) were shaken at a speed of 125 rpm in baffled culture flasks 
(Bellco Glass Co.). Under these conditions, cultures generally 
reached a cell density of 4 x ioe cells/ml about four hours after 
inoculation if grown in a minimal salts medium, and about 2 hours 
for cells growing in TSB. 

The density of viable E. coli cells in TMM media was de- 
termined from a standard curve constructed by plotting the absorb- 
ancy at 650 nm of a 1.0 ml volume of culture (in a cuvette with a 
light path of 1 cm) vs the viable cell counts. Viable cell counts 
were determined by plating an appropriate dilution of the culture 


on hard agar plates and incubating overnight at 37°. 


C. Preparation and Purification of Phage R17 





1. Cell Lysis and the Partial Purification of the Released Phage 








by a Two-Phase Polymer System 





Cultures of WP156 cells were grown at 37° in CTMM(-aa) to 
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a cell density of 4 x 10° cells/ml, then infected by the addition 
of purified phage R17 at a multiplicity of 40 PFU's/cell. After 
allowing about 10 min for phage adsorption, incubation was con- 
tinued with vigorous shaking (150 rpm) for 3-4 hrs. Cell lysis 
was discernible through the appearance of clumps of cell wall 
debris accompanied by a reduction in the optical density of the 
infected culture. Cell lysis was completed by adding lysozyme 
(66 mg/1) and chloroform (3.3 ml/1) followed by a further incuba- 
tion at 37° for 30 min. The titer of crude lysates thus obtained 
varied from 8 x Mi = Le xX Tao PFU/ml. 

The phage in the crude lysate was concentrated and par- 
tially purified by using a modification of the liquid two-phase 
polymer method described by Albertsson (1967). “To a 100 ml lysate 
was added 0.21 g sodium dextran sulfate (NaDS), 7.15 g polyethylene 
glycol (PEG) and 1.8 g NaCl, and the mixture was shaken to homo- 
geneity before it was stored at 4° for 18 - 24 hrs in a 250 ml 
polycarbonate centrifuge bottle to allow phase formation. The next 
day, the bottle was centrifuged at 3000g for 20 min before most of 
the top PEG phase (comprising 90 - 95% of the total volume) was 
removed by aspiration, care being taken not to disturb the inter— 
phase. The pellet of cell debris and the NaDS phase with the con- 
centrated phage was then resuspended in 5 ml of 0.15 M NaCl buffered 
with 0.015 M sodium citrate, pH 7.0 (SSC), and centrifuged at 10,000 
g for 10 min. The pellet was washed 4 more times with 5 ml SSC. 

To the combined washings (20 ml) was added 0.15 volume of saturated 


KCl solution to precipitate the residual NaDS over a period of 2 hrs 
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at 4°. After removal of the precipitated NaDS by centrifugation 
at 10,000 g for 10 min, the phage suspension was dialyzed against 
SSC (4°) for at least 18 hrs. The phage was then pelleted by 
centrifugation at 50,000 rpm for 2 hrs in the Beckman 60 Ti rotor 
and finally resuspended in 4 ml SSC in preparation for banding in 
a CsCl denstity gradient. 
2. GsClelsopyenserbandine ror? hage 

Equilibrium CsCl density gradient centrifugation was carried 
out by adding 2.4 g CsCl to the resuspended phage (4 ml) and spin- 
ning the mixture at 35,000 rpm for at least 18 hrs in the Beckman 
SW50.1. rotor at 4-.. About 25 — 30 fractions were collected by pierc- 
ing the bottom of the nitrocellulose tube and dripping 11 - 12 drop 
fractions into a series of 13 mm tubes. The position of the phage 
peak was determined by ascertaining the relative absorbance at 260 
nm or the radioactivity (if the phage is labeled with radioactive 
precursors) of each fraction. Usually the infectious phage banded 
as a sharp peak towards the middle of the gradient while a small 
amount of noninfectious particles formed a shoulder at lower densities. 
The fractions corresponding to the main peak were pooled and subsequent- 


ly dialyzed against SSC at 4° overnight to remove the CsCl. 


3. Assay for Phage Density 





The number of phage particles in a phage solution was 
determined from optical density measurements with a Beckman (DBG) 
spectrophotometer, using an extinction coefficient at 260 nm of 
7.66 Meee mL se (Gesteland and Boedtker, 1964). Assuming a 


molecular mass of 3.6 x 10° daltons per phage particle, as reported 
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by the foregoing workers, one absorbancy unit was calculated to 
contain 2018sx Korg particles. A yield of about 0.5 ml of phage 
at a density of 5 - 10 x ie particles/ml was usually obtained 


ty 


from a 100 ml crude lysate. 


y 


D. Radioactive Labeling of Phage R17 


1 325_Labeling @ue  IRIL7/ phage RNA 


Overnight cultures of E. coli WP156 were grown in CTMM(-aa) 
medium with the phosphate concentration lowered to 0.5 mM. A one 
ml aliquot of the overnight culture was transferred to 100 ml of 
fresh medium with a similar phosphate concentration and the cells 
grown up to 4 x 10° cells/ml. R17 phage infection was carried out 
as described for the preparation of crude lysates. At 5 min post- 
infection, a neutralized solution of ea inorganic phosphate (10 
mCi) was added and incubation continued. Freshly purified phage 
obtained from such crude lysates normally had a specific radio- 


activity of 2 x 10 © cpm/particle. 


De oT ha anges and Jeon aeane Labeling of R17 phage RNA 





The procedure followed for the labeling of R17 phage with ere 
guanosine or i edennaine was identical to that described for the 
preparation of unlabeled phage except that one of the 2 radioiso- 
topes was added at 20 min post-infection to a final activity of 
50 uwCi/ml. The specifie oH radioactivity of phage thus prepared 


was similar to that obtained for freshly purified eed oeled phage. 


oir 22 ee tened dive of R17 Phage Proteins 


oateted R17 was prepared as follows; A culture of E. coli 
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ED2644 was grown to a density of 4 x 108 bacteria/ml in CTMM(~aa) 


medium containing a concentration of Na,SO, of 0.021 g/1 (1.5 x 


eet 
TORN E The culture was infected with R17 phage at a multiplicity 


of 40 PFU/cell, incubated for 10 min at 37°, and then Na,~°s0, 
(0.8 - 1.0 Ci/mM) was added to a final activity of 50 wCi/ml. 
Purification of the resultant lysate was carried out as described 
for unlabeled phage preparations. The recovery of radioactivity 
was about 2 - 4 x lone cpm/particle. All the See iee tad phage 


components were insoluble in hot trichloroacetic acid and SDS 


polyacrylamide gel analysis of the protein components revealed that 


99% of the radioactivity was incorporated into coat protein, 


4, Labeling of R17 Phage A Protein with Radioactive Histidine . 


The fate of the A protein during phage infection can be followed 





by labeling the phage with radioactive histidine. This procedure 
exploits the fact that the A protein is the only histidine-contain- 
ing polypeptide associated with wild-type R17 (Steitz, 1968a). R17 
phage was labeled with genteel dine according to the method origin- 
ally developed by Krahn (1971). A culture of E. coli WP156 was 
grown to a density of 4 x 100 bacteria/ml in TMM medium containing 
10 ug/ml of 19 amino acids (no histidine), and 10 ug/ml each of 
urocanic acid, adenosine, guanosine, cytidine, and uridine. At 15 
min after infection, DMs Veni sedans was added to a final activity 
of 37.5 uCi/ml, and 7 min later, the pulse was terminated by the 
addition of unlabeled histidine to a final concentration of 10 ug/ml. 
Incubation of the culture was then continued until lysis occurred 


3-4 hr later. Purified phage obtained from such crude lysates gener-— 
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ally had a specific radioactivity of 1 x 107° cpm/physical particle, 
and contained about 65 - 70% of the radioactivity in the A protein. 
The remainder of the radioactivity was found to be in the phage RNA, 
equally distributed between adenine and guanine residues (Krahn, 


WOR y's: 


E. Hot and Cold TCA Radioassay 


Radioactively labeled phage suspensions or E. coli infected 
with such phage were assayed for TCA-insoluble material by applying 0.1 
ml aliquots onto 3MM Whatman filter discs (2.1 cm diameter) pinned to 
a board. If required, several aliquots were added in succession with 
a drying step separating each addition. The paper discs were pro- 
cessed by a scheme modified from that published by Mans and Novelli 


(1960). For reasons of safety, ethanol was used in place of ether. 


1. Hot TCA-Insoluble Products 





dable: 2.4 


Preparation of Paper Discs for Hot-TCA Insoluble Products 














Step Time 











Wash medium Temperature 
1 30 min VOZREGA 4° 
2 5 min Share 4° 
3 eee sna. SLGLG 90° 
4 15 min 5% TCA 4° 
5 15 min 85% EtOH 20° 


6 15 min 90Z EtOH 20> 


F tay Tei wa oT 2 7 “4 wa pnatbee. stiLaben y bet, ek 44 ae 


Clsot’ be) ity eohlae eee 












- a : 


PAA ce CR Herta fi erp Ey igen! bia 


e p y \ 
ye EDLY t ) he abel eer eel) 

erty i 

bi A ¥ 

dliote thaw fa Bailes Se 20 my f Laiap 

ot 


Crea 


’ : 


a 7 
visveothak bY tuted dae gel Re 


whorl FoReLeuR 2 
an ; n 
ie we tayaur ay eek Done fsa { 
: ‘a = un 

fig’ he 

157 : T35W \2X".. ogee stoupiig | 
" 


Wit haw opat 2z heed” 


¥; / 
ibe doue 4. (epee ee 
i 


V > 
ace Gt | 7 





29 


2. Cold TCA-Insoluble Products 





Treatment was similar to that shown in the above scheme with 


Shewsunst 1 eubioneat va Losmin oo, (CA) (4) wash for step 3. 


Ie Radioisotope Counting 


Dry samples such as radioactive material embedded in air 
dried filter discs after TCA treatment were counted in 5.0 ml 
toluene-based scintillation fluor (prepared by the additon of 4 g 
Omnifluor from New England Nuclear per liter of scintillation grade 
toluene) in a Beckman LS-250 liquid scintillation spectrometer. 

Aqueous samples were assayed by combining 0.5 - 1.0 ml 
samples with 10 ml Scinti Verse (Fischer Scientific) in a scintil- 
lation vial and shaking the mixture to homogeneity. The efficiency 
of counting in Scinti Verse was >95%, 85% and 30% for ae e25 and 
34 isotopes, respectively. 

Single isotope restricted channels were used for double- 
labeling experiments and counts were corrected for overlap. 

External standardization was used to monitor the efficiency 
of counting in a series of similarly prepared vials. 

Samples with low levels of radioactivity were counted for a 
sufficientlength of time to reduce the error to less than 5%. All sample 


values were corrected for background radioactivity registered in con- 


trols containing no added sample. 


G. Plague Assay for Infectious Phage 


The number of infectious phage in a suspension was deter- 
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mined by serially diluting the sample and mixing 1.0 ml of a 
dilution with 0.2 ml of seed culture (4 x nae cells/ml) and 2.0 
mom liduitied top agar. wAtter agitation, the mixture was poured 
onto hard agar in a Petri dish and allowed to harden before the 


plates were inverted and incubated at 37° overnight before scoring 


for plaques. A single dilution was usually plated out in triplicate. 


lle Phage Attachment Assay 





The filtration assay employed to measure phage-pili com- 
plex formation was essentially that described by Danziger and Paran- 
chych (1970a). WP156 bacteria (4 x 10° cells/ml) in CTMM medium 
were incubated at a multiplicity of 10° Sarai ahelad particles/cell 
at 4° for 20 min. Aliquots’ of 2.0 ml were then passed through 
Gelman GA-6 triacetate filters under a vacuum of 6 in of mercury. 


The filters were washed 3 times with 5 ml of cold TMM medium, dried 


and assayed for radioactivity. 


fee Penetration Assay 


The penetration assay as applied in the quantitation of 
the amount of a given phage component (RNA, A protein, coat 
protein) having penetrated cells is essentially the method described 
by Krahn (1971) and Krahn et al. (1972). Aliquots of infected 
bacteria at various times post-infection were poured onto 0.5 
volumes of frozen TMM (ey salts medium to stop further penetra- 
tion of phage components, and the chilled cells were then pelleted 


at 10,000 g for 10 min. The cells, after being resuspended in 0.2 
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volumes of cold TMM Re) by repeated trituration with a pasteur 
pipette, were forced through a syringe tipped with a #26 gauge 
needle. After the cells were pelleted again by centrifugation, 
the supernatant containing the extracellular phage was removed 
and fresh cold TMM ey) added; the wash cycle was repeated a 
total of 6 times before the final cell pellet was resuspended in 
a predetermined volume of TMM ee) Aliquots of this suspen- 
Sion were directly assayed for radioactivity in combination with 
Scinti Verse or dripped onto Whatman filter discs in preparation 
fOrehnor 1GAttreatment « 

The efficiency of the above washing procedure in remov- 
ing all extracellular phage from infected cells was shown by control 
ineectionsmimaeyhichek.|colines(F »). atea/°.or.Ufr.cells.at.4° were 
infected at similar multiplicities for the same period of time. It 
was found that negligible radioactive counts were associated with 
these cells after they were washed 6X (Krahn, 1971). In the latter 
case, the result agreed with Brinton and Beer's (1967) finding that 
no RNA penetrates sensitive bacteria at 4°. 

Furthermore, when a sonicated extract of 6X washed cells, 
infected with R17 radioactively labeled in the RNA or A protein, was 
analyzed by centrifugation in sucrose gradients, greater than 95% of 
the RNA or A protein radioactivity remained at the top of the gradient 
while little material was found migrating with 78S intact phage 
(Krahn, 1971; Krahn et al., 1972)... These results indicated that the 
A protein and RNA components had penetrated as free components and were 


not associated with extracellular phage particles. 
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J. Amicon Ultrafiltration 

Phage particles in a large volume were concentrated by 
ultrafiltration through a 6.2 cm Diaflo, XM-100A membrane (exclu- 
sion limit = 100,000 daltons) housed in an Amicon Model 202 unit 
(capacity: 200 ml). The procedure was carried out at 4° with a 
moderate rate of stirring under a N, eas pressuresofelO =215 ie / ina 


The flow rate was about 2 - 4 ml/min. 


Ki eesucrose Gradient Techniques 





Linear (5 — 20%), 4.6 ml sucrose gradients were usually 
prepared using a two-chamber Buchler gradient maker. Before using, 
gradients were equilibrated by storing at 4° for at least 4 hrs. 

Aqueous samples (0.2 - 0.5 ml) were layered carefully onto 
gradients without disturbing the meniscus. Centrifugation was carried 
out at an appropriate speed and temperature using a SW 50.1 rotor in 
a Beckman L2-65B ultracentrifuge. 

Fractions from gradients were collected by piercing the 


bottom of the cellulose nitrate tube with a hollow needle. 
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Phage particles were incubated in a buffer solution made 
up with deionized distilled water and containing 0.09 M NaCl and 
O-05 M Tris) (pH.7.3)..* Phage suspensions, CuCl, and L-aseorbic 
acid solutions jee te up with the buffer at 10X the concen- 
tration to be used in a particular experiment. Freshly made ascor- 
bate solutions were used in all cases. Incubations were initiated 


by the combination of prewarmed solutions and buffer to give a tenfold 
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dilution of the components; zero time of incubation corresponded 
to the addition of the phage suspension to a reaction mixture as 
the last component. Phage inactiviation was "quenched" at any 
time by removing aliquots of incubation solution and combining 
immediately with 0.1 volume of Leng M ethylenediaminetetraacetic 
acid (EDTA). Subsequently, the quenched solutions were kept on 
ice while awaiting further treatment. In anoxic incubations, all 
manipulations were carried out in a glove bag kept inflated by a 
steady stream of nitrogen gas. Before use, all solutions, which 
were maintained at 37° in a '"Temp-Blok", had nitrogen bubbled 
through them for 20-30 seconds to displace dissolved oxygen with 
N,- 

Phage suspensions having different ratios of plaque form- 
ing units (PFU) to physical particles were obtained on a preparative 
scale by incubating Ba ee acer bareecnicl mixtures in? 2— to3—-mL 
volumes. Aliquots of 0.5 ml were taken out at appropriate time inter- 
vals and quenched with EDTA. Separation of chelated Gute ascorbate 
and EDTA from treated phage particles was achieved by passing the 
mixture through a Sephadex G-50 column (1 x 12 cm) equilibrated with 
the Tris buffer. The phage fraction was followed visually by an 


added blue dextran marker, or by measurement of radioactivity in the 


caseof labeled phage. 


M. Ethidium Bromide Binding Assay 


The binding of ethidium bromide to phage RNA in situ was 


measured in a 2.0 ml solution containing 5 x Poy Trash h 3690)", 
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nex One M EDTA, and 0.5 ug/ml ethidium bromide. Phage was added 
to the reaction mixture to a final concentration of ve physical 
particles/ml. Fluorescence readings were made in a Turner 430 
spectrofluorometer in round borosilicate cuvettes with the excita- 
tion wavelength set at 525 nm and emission at 600 nm. All read- 


ings were performed at 25°. 


N. Isolation of RNA 

The initial stages of the isolation of RNA from 6X washed 
infected E. coli were similar to those described Dygsagiktet sal 3; 
(1962). About 2-3 x 10° cells were resuspended in 1 ml of buffer 


containing 0.01 M Tris (pH 7.3), 0.01 M KCl, 0.005 M MgCl., 300 ug/ml 


2? 
lysozyme and 50 ug/ml DNase. The suspension was frozen rapidly in an 
EtOH-dry ice bath, then thawed and incubated for 5 min at 14°. The 
mixture was brought to 1% in SDS and 0.2% in Macaloid (Union Carbide) 
and shaken for 5 min at 20°. Deproteinization was completed by add- 
ing an equal volume of buffer-saturated phenol and Shaking ior 15 

min at 4°. The resulting emulsion was centrifuged at 10,000 g for 

10 min, after which the aqueous layer was removed, and Macaloid and 
phenol added as before. The phenol extraction procedure was repeated 
three times. The Faust aqueous solution was three times extracted 
with ether and N, eae was bubbled through the solution as a last step 
to remove residual ether. The RNA was then precipitated by the 
additionof 2 He eee of cold (-20°) MtOH and 0.1 volumes of 20% potas- 
sium acetate and stored overnight at -20°. The precipitated RNA was 


then collected by centrifugation, dried under N, and stored in a 
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desiccator at -20° until used. 

The same procedure was followed for the isolation of 
RNA from intact phage except that particles were suspended in 
the Tris buffer minus DNase and lysozyme. The freeze-thawing 


step was also omitted. 


O. Alkaline Hydrolysis of RNA 

Isolated RNA samples were taken up in 0.5 ml of 0.3 N 
KOH and incubated at 37° for 24 hrs in covered tubes. The hydroly- 
sates were carefully neutralized to pH 7.0 by adding small incre- 
ments of a slurry of Dowex-50 (in the pyridinium form). Quantitative 
recovery of nucleotides and nucleosides (especially in the case of 
Aon and Ap) was achieved by washing the Dowex beads with five, 0.5-ml 
aliquots of 10% aqueous pyridine. Lastly, the products of the 


alkaline hydrolysis were obtained in a powder form by the removal of 


water and pyridine through lyophilization of the combined washings. 


IP. SDS-Polyacrylamide Gel Electrophoresis of Protein 








Radioactively labeled R17 phage proteins were analyzed by 
the SDS-polyacrylamide gel electrophoretic system described by 
Laemmli (1970). Gels containing 12.5% acrylamide were prepared from 
a stock solution of 30% (w/v) of acrylamide and 0.8% (w/v) of bis- 
acrylamide. The final concentrations in the gel were as follows: 
0.375 M Tris-HCl (pH 8.8) and 0.1% SDS. The gels were polymerized 


chemically by the addition of 0.025% (v/v) of TEMED and 0.025% (w/v) 


ammonium persulfate. Ten cm gels were prepared in glass tubes with 
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a total length of 12 cm and with an inside diameter of 7 mm. The 

3% stacking gels described by Laemmli were not used in this applica- 
tion. The electrode buffer (pH 8.3) contained 0.025 M Dre crm eel 2 

M glycine and 0.1% SDS. The samples were Suspended in a solution 
with the following composition: 0.0625 M Tris-HCl (pH 6.8), 2% 

SDS, 10% glycerol, 5% 2-mercaptoethanol and 0.001% bromophenol blue 
as the dye. The proteins were completely dissociated by immersing 
the samples for 5 - 7 min in boiling water. After layering the 
sample on top of gels, electrophoresis was carried out at 3 - 5 mA 
per gel at room temperature until the dye marker reached the bottom 
of the gel. Gels were sliced into about fifty, 1.67 mm wide sections 
with a multi-blade "cheesecutter" used in conjunction with a teflon 
block slotted at 1.67 mm intervals. The radioassay of the gel slices 
was accomplished using the same procedure described below for RNA 


gels. 


Q. Polyacrylamide Gel Electrophoresis of RNA 


1. Exponential Gradient Gels 


For routine analysis of RNA, the polyacrylamide exponential- 








gradient system of Mirault and Scherrer (1971) was utilized. 

To produce the exponential gradient, an apparatus as schem- 
atically represented in Figure 2.1 was used. The mixing vessel con- 
sists of a 5 ml glass chamber fitted tightly with a straight-sided 
rubber stopper and equipped with a 1.3 cm magnetic bar for stirring. 
Passing through the stopper are three outlets-one leads to two peri- 


staltic pumps which draw acrylamide solution to two glass tubes. 
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Figure 2.1 Schematic diagram of the exponential gradient gel making 
apparatus. . 

(a) clamps, (b) magnetic stirrer, (c) Perpex peristaltic pumps (LKB, 

intrument group 10200); gear box used: 1/25. C.,= acrylamide solution 


of higher concentration. C,= acrylamide solution of lower concentration. 
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Another is the intake conduit through which a low concentration 
acrylamide solution (C,) passes at a rate equal to the rate of 
removal of solution from the chamber. The third Opening serves as 
an air release valve. 

The simultaneous preparation of twos Vay x LOmemed2e5 = 
15% exponential gradient gels began with the addveionsofen. 2amisot 
a 15% acrylamide solution (C,) into the mixing chamber. The air 
release valve was opened and the Stopper adjusted so that no air 
pocket appeared in the chamber. The gel casting operation was in- 
itiated by switching on the magnetic stirrer and peristaltic pumps 
and releasing the intake tubing clamp. 

According to Mirault and Scherrer (1971), the concentration 
of the acrylamide in the gels thus generated can be described by the 
equation: 

cw) = (Cc, - c,)e/VE 4 a, (1) 


where C(V) = acrylamide concentration in the mixing chamber after 


dilution by volume V of acrylamide solution (C,)3 C, = higher concen- 


ih 
tration acrylamide solution, C. = lower concentration acrylamide 
solution, Vv, = internal volume of the mixing yee 
The composition of the Cy solution Heer ae as follows: 

E-RNA buffer (0.04 M triethanolamine, 0.02 M sodium acetate, 0.002 M 
EDEASMDH pf) $9202 oo lycerol- 5% acrylamide; 0.25% bis-acrylamide. 
Polymerization was initiated by the addition of 0.67 ul of 10% TEMED 
and 10% ammonium persulfate to each ml of C,- 

Co consists of: E-RNA buffer; 2.5% glycerol, 2.5% acrylamide; 


and 0.042% bis-acrylamide. To each ml of C, were added 4 ul of 10% 
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TEMED and 10% ammonium persulfate. 

POmsfiiTing 027 (inside = diameter). x, 12 cn glass tubes 
coated with Canalco "column coat" were inclined at about oe 
when filled to a height of 10 cm, the acrylamide flow was inter- 
rupted and the tubes were carefully set upright and layered with 
buffer containing both catalysts at the same concentration as in 
the C, solution. The gels were polymerized at room temperature 
generally overnight before use. 

Electrophoresis was carried out in an Ortec model 4200 
apparatus modified to hold disc gels. A voltage gradient was 
supplied by an Ortec 4100 pulsed constant power pack with the dis- 
charge capacitance set a 1.0 microfarad and the pulsed rate set at 
250 pulses per second. 

Gels were prerun at 4° at 10 volts/cm for 30 to 60 min 
using an electrode buffer of the following composition: E-RNA buffer, 
2.5% glycerol, 0.2% SDS, 0.1% sodium deoxycholate. 0.1 to 0.3 ml 
samples containing 10% glycerol and 0.001% bromophenol blue was lay- 
ered under the buffer and electrophoresis was carried out at 4° and 
under 10 volts/cm. Normal length of runs were 6 - 8 hrs. 

After each run, gels were frozen in an ethanol-dry ice bath, 
thawed slightly and pushed out from the glass tubes. While still 
frozen, gels were sliced into discs with a cutting device fashioned 
from an array of razor blades spaced at 1.25 mm intervals. Each slice 
was then inserted into a scintillation vial, 1.0 ml of a mixture made 
up of Creees, NH, OH and NCS solubilizer in a 20:1 (w/v) ratio 


was added, and the vials capped and incubated at 40° for 12 hrs. The 
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vials were then uncapped, and the contents brought to dryness in 
a 60° oven. After thorough cooling, radioactivity in each sample 
was assayed with 5.0 ml of a toluene-based fluor. 
2. Polyacrylamide Gel Electrophoresis of RNA Under Denaturing 
Conditions 

The analysis of RNA under denaturing conditions was 
carried out using the 8 M urea and low salt buffer system of Reijnders 
et al. (1973). Urea gels were prepared by combining 7 volumes of a 
solution containing 8 M urea (ultra-pure), 23 mM Tris-HCl, 2.3 m™ 
EDTA (pH 7.5) with 1 volume of a solution containing 19% acrylamide, 
1% bis-acrylamide and 8 M urea. After the additon of 0.004 volume 
of 10% TEMED and 10% ammonium persulfate, the solution was degassed 
under vacuum for 5 min before 0.7 x 10 cm gels were poured and 
allowed to set for at least 16 hrs. 

The electrode buffer contains 8 M urea, 20 mM Tris-HCl and 
2 mM EDTA. It was allowed to equilibrate overnight in a 60° oven be- 
fore? a run: 

As was the case for gradient gels, urea gels were prerun 
at 10 volts/cm for 30 - 60 min at 60° before samples dissolved in the 
electrode buffer and containing 10% glycerol and 0.001% bromophenol 
blue were applied. Electrophoresis of samples were carried out under 
the same conditions for up to 6 hrs. The gels were sliced and the 
sections treated for radioassay according to the protocol described 


previously. 


R. High Voltage Paper Electrophoresis 


Paper electrophoresis was performed in a Gilson High Voltage 
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Electrophorator (Model D) equipped with a large fiberglass tank 
as described by Dreyer and Bynum (1967). The reservoirs were filled 
with 0.04 M sodium citrate buffer at pH 3.5. 

Whatman no. 3 MM paper was washed once with 0.01 N NH, OH 
then rinsed with several changes of deionized water, and dried be- 
fore sample application. 

RNA alkaline hydrolysates redissolved in 50 - 100 ul of 
deionized water together with added marker compounds were applied 
as 2 - 4 cm wide bands on the paper at a loading not greater than 
1 mg/cm. The paper was wetted with the sodium citrate buffer and 
electrophoresis carried out at 30 volts/cm for 105 min. After air 
drying, nonradioactive standards were located under short UV (254 nm) 
light. 

Radioactive materials on an aieerPenhecogvan were quanti- 
tated as follows: the electropherogram was cut up into 4 x 0.5 cm 
strips at right angles to the direction of migration of the samples, 
then each strip was further cut into 4 sections and inserted into 
scintillation vials. Following the addition of 1.0 ml of 0.01 N NH, OH 
to each fraction, the vials were capped and shaken in a reciprocating 
shaker overnight. Ten ml of Scinti Verse (Fischer) were then pipet- 
ted into each ee and the contents were shaken to homogeneity. The 
vials were periodically agitated over a period of 6 - 7 hrs to allow 
the water miscible fluor to completely elute and displace any aqueous 
material still associated with the paper fragments. The efficiency 
of recovery of tritium counts from the electropherogram was of the 


order o£ 977% or better. 
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Nucleotides to be further characterized were eluted from 
the appropriate section of an electropherogram with up to 5 ml of 
distilled water. Desalting of the elute was achieved by allowing 
nucleotides to adsorb onto a Norit (charcoal) column. The column 
was made by transferring 0.5 ml of a 1:1 (v/v) mixture of 20% 
packed volume Norit and 50% packed volume Celite on a sintered 
glass funnel (inside diameter of 2 cm., medium porosity). The Norit 
column was washed with 5 ml 0.01 N HCl, the sample (acidified to pH 3 
=. % with 1 N HCl) was filtered through, and the column was washed 
again with 5 ml 0.01 N HCl. The nucleotides were eluted from the 
Norit with three 5 ml portions of 0.5 ml concentrated NH, OH/100 ml 
of 50% ethanol. The ethanol eluates were evaporated to dryness under 
a stream of nitrogen at room temperature. More than 80% of the radio-— 


activity was recovered in the ethanol eluates. 
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CHAPTER III 


THE EFFECT OF RNASE AND STRAND SCISSIONS ON THE 


PENETRATION OF R17 RNA 


A. Introduction 

The inhibiting effects of RNase on phage RNA penetration 
are well known (Knolle and Kaudewitz, 1963; Zinder, 1963). However, 
the mechanism of action of the enzyme at the molecular level requires 
clarification. That RNase will degrade the RNA from phage particles 
having undergone the irreversible step of RNA ejection is clear enough, 
but it is not known whether the A protein is also prevented from enter- 
ing the cell or whether RNA fragments could penetrate in the presence 
of RNase. It was surmised that if fragments of phage RNA can penetrate 
into the cell in the presence of RNase, then the polarity of RNA pene- 
tration (i.e. the pilot or leading end of the penetrating RNA) might 
be determined by isolating the penetrated fragments from infected cells 
and examining them for the presence or absence of the original 3'- or 
5'-ends. 

Engelberg and Artman (1970) had previously reported that non- 
infectious RNA can penetrate into E. coli. They showed that at a MOI 
of 25 particles/cell or 1 PFU/cell (their average Pa tepeted MS2 phage 
stock had a PFU/particle ratio of 1/25), 30% of the input label was 
found to penetrate into cells during 60 min exposure of cells to phage. 
Since an average of only one out of 7 - 8 equivalents of penetrated RNA 
was infectious, most of the injected material appeared in some way to 
be defective. Furthermore, they found that the noninfectious RNA was 


degraded within 10 to 20 minutes into basic subunits which were incor- 
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porated into all nucleic acid components of the cell. Although 

the RNA isolated from their phage stocks appeared to be homogeneous 
on sucrose gradients, the authors did not rule out the possibility 
of hidden breaks being present in the folded RNA. It occurred to 
this writer that a logical extension of Engelberg and Artman's work 
would be the deliberate infection of cells with highly inactivated 
eopoieheled RNA phage which had been obtained by long term storage. 
The penetrated gabe tebeter RNA could then be analyzed by polyacryla- 
mide gel electrophoresis to determine its state of intactness. Such 
studies should provide information regarding the fate of any frag- 
mented RNA following infection of sensitive cells. 

The present chapter thus describes a series of studies re- 
lating the effect of limited fragmentation of the phage genome to the 
RNA penetration process. Also,the effect of the presence of RNase on 
phage infection was reexamined in greater detail. In brief, it was 
found that: 

(a) Phage RNA fragments can penetrate into E. coli; these frag- 
ments are quickly degraded by cellular nucleases. 

(b) A limited number of intact infectious viral RNA molecules is 
able to penetrate into cells in the presence of RNase. The number of 
molecules which are able to undergo successful penetration appears 


to increase with the multiplicity of infection. 


B. Results and Discussion 
1. Conditions for Measuring RNA Penetration 
The method employed to quantify the amount of phage RNA that 


has penetrated into E. coli cells is described in detail in Materials 
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and Methods. Briefly, infected cells were chilled and pelleted, 
resuspended in cold medium he 5 and forced through a #26 gauge 
syringe needle; complete removal of all extracellular phage was 
achieved after repeating the operations six times. 

Using the above procedure, it was found that the amount 
of viral RNA penetrating male cells is dependent on the strain of 
bacteria, the medium, the duration of infection and the multiplicity 
of infection (MOI). As shown in Table 3.1 for example, it was found 
that the amount of RNA injected into ED2602 cells increased with the 


multiplicity of infection, and that culturing the cells in a rich medium 


such as Trypticase Soy Broth increased the relative amount of RNA pene- 
trated approximately four-fold over that found for cells grown ina 


minimal medium. 


habeus.) 
Effect of Culture Medium and Multiplicity of Infection (MOI) on Phage 


RL7 RNA Penetration 





as ED2602 cells in minimal medium 
Phage Input equivalents of phage RNA 
MOL (particles/cel1) penetrated/cell/20 min 
10 Os 
100 20) 
1000 4.6 
b. ED2602 cells in TSB 
10 4.0 
100 1320 
1000 1 deg 35 


ED2602 cells were infected at log phase sates cells/ml) with ott auelad 


R17 phage (PFU/particle = 1/200) for 20 min. The assay procedure was 
as outlined in Materials and Methods. 
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In Figure 3.1, the kinetics of penetration of RNA into 
ED2602 (Flac) and WP156 (Hfr) cells are illustrated. When WP156 
cells in log phase were challenged with R17, the RNA penetration 
process was found to be very rapid during the first 5 - 10 min 
of infection, then somewhat slower during the remainder of the 
experimental period. In the case of ED2602 cells, the RNA pene- 
tration was essentially completed in 10 min; thereafter little or 
no increase in RNA penetration was observed. A comparison of the 
phage equivalents of RNA penetrated per cell for the WP156 and 
ED2602 results showed that in minimal medium, 3 times as much RNA 
had entered the WP156 cells as compared to the ED2602 cells at 
10 min post infection. 

A two phase process of RNA penetration was originally re- 
ported by Brinton and Beer (1967). They suggested that the rapid 
initial phase of RNA penetration was apparently promoted by cell- 
associated F-pili which were present in the culture at zero time, 
while the second slower phase probably represented the promotion of 
RNA penetration by low levels of new F-pili which were asynchronously 
produced throughout the infectious period. This two-phase process was 
also evident in our hands when WP156 (Hfr) cells ees used but not with 
ED2602 (Flac) cells. 

To provide further support for the idea that the second phase 
of RNA penetration in Hfr cells was due to growth of new pili, phage 
infection was also carried out in the presence of rifampicin, an inhibi- 
tor of RNA polymerase. As can be seen in Figure 3.1, the inclusion of 
50 ug/ml of rifampicin in the infection medium results in the curtail- 


ment of further RNA penetration after 10 min in the WP156 system. With 
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Figure 3.1 The effect of bacterial strain and rifampicin on the 
kinetics of phage RNA penetration. 


Eee cori WP156 cells (or ED2602) in 120 ml CTMM (+aa) at 37° were erown 
up to 4 x 10° cells/ml and infected at a MOI of 1000 particles/cell 
with 32P-labeled R17 phage (PFU/particle ~ 1/10). Aliquots of 20 ml 
were taken out at appropriate time intervals and chilled by combining 
with 10 ml, frozen TMM (—Mg2ty . The infected cells were washed 6X with 
TMM-—Mg 2+ as described in Materials and Methods to remove extracellular 
phage particles. The washed cells were resuspended in TMM (Mg 2+) toa 
density of 8 x 10° cells/ml and three 1.0 ml aliquots were assayed for 

P-radioactivity with 10 ml Scinti Verse. In infections carried out 
with rifampicin, the drug was added to cultures (final concentration = 
50 ug/ml) 5 min before phage addition. ( @-@ ) WP156 cells; (O-O) 
WP156 + rifampicin; ( A-A) ED2602; ( A-A) ED2602 + rifampicin. 
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ED2602 cells, a 25% reduction in the amount of RNA penetration was also 
observed in the same concentration of the drug. Clearly, the second 
phase of RNA penetration into WP156 E. coli was totally suppressed by rif- 
ampicin. Although this observation is not conclusive, it is compatible 
with the hypothesis put forward before; i.e., the drug had probably inhib- 
ited the synthesis of new F-pili without affecting the biological function 
of pili existing at the time of its addition. This interpretation is 
supported by the findings that translation and transcription of mRNA in 
E. coli are coupled processes (Byrne et al., 1964; MilWercetoale, 1970), 
and that bacterial protein synthesis ceases within several minutes of 
inhibition of RNA transcription (Levinthal Cis 4 Ae 

In subsequent experiments where the penetrated viral RNA 
was to be analysed by polyacrylamide gel electrophoresis, it was nec- 
essary for practical considerations to maximize the amount of RNA injec- 
ted during the 5 min period to be used. An infection time of 5 min 
was chosen as a compromise between the need to recover as much labeled 
phage RNA as possible from infected cells for gel electrophoresis and the 
need to minimize the extent of degradation of penetrated phage RNA by 
eellutar nucleases. The results of a study correlating the amount of 
phage RNA penetrated per cell in 5 min to the MOI are illustrated in 
Figure 3.2. As is evident from the curve, the saturation of sites on 
the cell from which phage RNA could be injected appeared to be reached 
at a MOI of about 1000 particles/cell and the half maximal rate of RNA 
penetration was estimated to be at a phage concentration of about 85 
particles/cell. A replotting of the data (Figure Stee incel)wainy a 
Lineweaver-Burke form indicated that the "Vmax" was equal to 110% of 


the amount of RNA penetrated at a MOI of 1000. At 5 min in minimal 
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Figure 3.2 The effect of the multiplicity of infection on the amount 
of: RNA penetrated at 5 minutes post infection. 


E. coli WP156 in 120 ml CTMM(+aa) were grown up to 4 x 10° cells/ml and 
then subdivided into SEES) 20 ml aliquots. Each culture was then infect 
at a different MOI with P labeled R17 phage for 5 min, chilled and 
washed 6X as described in Figure 3.1. The washed cells were resuspended 
in TMM(-Mg 2 to a density of 4 x 108 cells/ml and three 1 ml aliquots 
from each sample were assayed for P-radioactivity with Scinti Verse. 


f i 
pre ie re © ae ‘ am ey Ot on gee $m i. ee eet i 

er : : 

' y ee ee | 


- “ae 
4 
i ; 
j 
‘ 
fo . 
‘ : 
} fo 
' d 
és 
‘* J 
~~, : 
~~ tr 
4!) } 
4 
. 
: i 
4 
+ = 3 


ft = 






t rl P 
— & ———— ai i ee et. ees dll 


OU 7 5G jos.) * Gos 
ea ee +35 . ; oa yas T oRw) Jan ; 


medium, this is equivalent to approximately 11 phage equivalents 
of RNA penetrated per cell. Note that the cells must be incubated 
for another 20 min to double the amount of penetrated RNA to about 


22 phage equivalents RNA/cell (Figure 3.1). 


2. Fate of Penetrated Phage RNA 





A suspension of R17 phage particles labeled in the RNA 
with oe and stored at 4° in 1 x SSC gradually becomes inactivated 
as a result of strand scissions arising from the recoil energy re- 
leased from dismutation of 2 to oars Strand breaks and base alter- 
ations also arise from attack by the radiolysis products of water 
(Singh and Nicolau, 1971; see also Chapter IV). Because of the re- 
sulting variability in the level of infectivity of ope ape led phage, 
the infectivity of stock phage preparations in terms of the ratio of 
plaque forming units or infectious particles to the total number of 
physical particles (PFU/particle) was routinely assayed before cellu- 
lar infections. Most of the inactivation of Ee ianeled R17 stored 
at 4° can be attributed to the indirect effects of 2D decay since it 
was observed that Ep enered R17 preparations which were stored in a 
protective medium containing glycerol and bovine serum albumin at -80° 
(conditions under which secondary effects are minimized) experienced 
virtually no loss in infectivity over 30 days, while the infectivity 
decreased Aes ie fold if the phage preparations were stored for the 
same period at 4° (see appendix). It was also found er the rate of 


inactivation of phage stored at 4° in SSC was highly unpredictable and 


a large variation was seen from preparation to preparation. 
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Repeated RNA penetration experiments using = 
labeled R17 phage at MOL's of 10° to 10s mart inlec/ealt for periods 
up to 20 min led to the observation that highly inactivated phage 
stocks with PFU/particle ratios as low as igs = to 10% still resulted 
in the injection of 25 to 30% of the amount of RNA injected with 
freshly prepared Bape enaien R17 stocks (i-e., about 5-8 phage equiva- 
lents of RNA per cell in the case of the highly inactivated particles). 
These results are not presented at this time because a more detailed 
study of this problem is given in Chapter V of this thesis. What is 
important here is the fact that none of the injected RNA was found to 
give rise to infectious centers when cells were infected with R17 
phage of PFU/particle ratios as low as Ome This finding confirms 
the earlier conclusions reached by Engelberg and Artman that noninfectious 
RNA most probably does penetrate cells. 

To gain more information on the nature of the RNA in cells 
infected with oe te R17 having varying PFU/particle ratios, the RNA 
was extracted from infected cells and analyzed by exponential gradient 
polyacrylamide gels. It was found that the phage RNA isolated from 
cells infected for 5 min displayed a heterogeneous population of frag- 
ment sizes if the phage preparations used had infectivities signifi- 
cantly lower than that of a freshly labeled preparation (PFU/particle 
~ 1/5 to 1/10). Not surprisingly, the extent of fragmentation appeared 
to increase with decreasing infectivities of the particles (Figure 3.3A,B). 

The fate of the injected RNA fragments was followed in a time 


course study as illustrated in Figure 3.3. Aliquots from infected cells 
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Piguremo.s Fate of penetrated Popeiane fan R17 RNA 


50 Tul tof aio ph uel dian were added to 100 ml (CIMM + aa) of Eevee, 
156 cells 30 min before cells were to reach a ea of 4 x 108 cells/ 
ml. At this density, the cells were infected with 24P-labeled R17 phage 
at a MOI of 103 particles/cell. At 5, 15 and 40 min post antecti tone 
25 ml aliquot of the culture was removed and chilled by being swirled 

in a beaker with lemme rozen TMM (-Mg2T) medium. The infected bacteria 
were then washed 6X to remove extra-cellular phage and then extracted 
for total RNA by SDS-phenol as described in Materials and Methods. The 
isolated RNA was then redissolved in E-RNA buffer containing 10Z glycerol, 
0.1% SDS and 0.001% bromophenol blue. Samples containing 300 to 500 ug 
RNA in 0.3 ml were analyzed in exponential (2.5 — 1527) gradient gels 

at 10 volts/cm for 8 hours. The details of the electrophoretic system 
and the radioassay of polyacrylamide gels are given in,Materials and 
Methods. (A) PFU/particle of phage = 1 x 107/; (e—e) ~H-radioactivity 
in cellular RNA, (A—A) 32P-radioactivity in poue cred phage RNA. 

(B) PFU/particle Gf infecting phaces—) exe l0sr. 
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were extracted for total RNA by the SDS-phenol procedure described 
in Materials and Methods. Internal markers were provided by ce 
uridine-labeled rRNA coextracted with the penetrated phage RNA. In 
the gel system, the mobility of intact 28S R17 RNA (MW = 1.1 x 10°) 
is slightly lower than that of 23S rRNA (MW = 1.1 x oy, Ass Can 


be seen in panels A the extensively fragmented RNA from a 


1) ote 
highly inactivated phage stock was rapidly degraded and converted 

to 238, 16S, 4S and 5S components within 15 min after entry. The 
viral RNA fragments that were still present at 15 and 40 min can be 
attributed to degradation products of larger fragments and fragments 
of RNA which continued to be injected during the second phase of 

RNA penetration. A similar fate was found for the RNA injected from 


phage of a higher PFU/particle ratio (B ). However, the rate of 


ik SS) 
degradation of the parental RNA material appeared to be slower in RB 
than in A. This can be rationalized on the basis of a longer time 
required to degrade the larger average size fragments found in 

B. 

In a variation of the above experiment, Hfr cells were in- 
fected at a MOI of 10° particles/cell for 5 min before they were chil- 
led and washed six times to remove all extracellular particles. The 
washed cells were resuspended in fresh medium and incubated at 37° for 
up to 40 min. Polyacrylamide gel analysis showed that at the end of 
40 min, all the original phage RNA label that was associated with the 
washed cells had been converted into rRNA. This was further evidence 


that the six times washing procedure had reduced the level of extra- 


cellular phage particles to insignificant levels since extracellular 
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phage RNA enclosed in intact particles would not be expected 
to be catabolized and converted into cellular rRNA's. 

An additonal comparative study on the fate of pene- 
trated RNA was carried out using the RNase I deficient E. coli 
strain Al9, and a RNase ee control, AB301,as host cells. Fig- 
ure 3.4 A shows the profile of the RNA isolated from epueiabeled 
R17 phage with PFU/particle = 5.0 x One Figure 3.4 B and C show 
the profiles of the injected RNA at 2, 5 and 10 min post infection 
in Al19 and AB301 cells,respectively. On comparing the distributions 
in A, B, and C, one sees that the amount of intact or near intact 
phage RNA was noticeably reduced at two min of infection in AB301 
cellsbut not in Al9 cells. At 5 and 10 min, the RNA in the AB301 
host had been progressively degraded into smaller fragments, while 
in the Al9 (RNase I ) host, the breakdown of the larger pieces of 
RNA into smaller fragments was less evident. In fact, the distri- 
bution of fragments at 10 minutes largely resembled that obtained at 
2 min. 

Although several types of nucleases must play a role in 
RNA catabolism, the above result indirectly implicates RNase I in 
such a role. Spahr and Hollingworth (1961) had originally isolated 
this "latent RNase'’ from the 30S ribosome subunit and had calculated 
that it was present in some but not all ribosomes of bacteria. Sub- 
sequent studies have shown that RNase I could be released into the 
medium when E. coli were osmotically shocked (Nossal and Heppel, 1966) 
or treated with EDTA - lysozyme (Neu and Heppel, 1964). This was in- 
terpreted to mean that some RNase I may be located on the outer cell 


membrane surface or that the bulk of the ribsomes containing RNase I 
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Figure 3.4 A comparison of the fate of penetrated phage in RNase i 
and wild type host bacteria. 


A19 (RNase I ) and AB301 E. coli in separate 100 ml (CTMMtas) scultures 
were prelabeled with 3H-uridine as described in Figure 3.3. Ata 
density of 4 x 108 cells/ml, each culture was infected with 32p labeled 
phage at a MOI of 102 particles/cell; 25 ml aliquots were removed at 
2, 5 and 10 min post infection, quickly chilled and all samples washed 
6X as described in Materials and Methods. The radioactively labeled 
RNA from washed, infected cells was then isolated and subjected to 
exponential gradient polyacrylamide gel electrophoresis as described 
for Figure 3.3 and in appropriate sections in Materials and Methods. 
(A) Profile phage RNA isolated from intact phage (PFU/particle = 5.0 X 
1080 (B) RNA isolated from infected A19 (RNase I) cells (C) RNA 
isolated from AB301 cells. 
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occurs near or at the cellular membrane. The data presented here 
are insufficient to tell whether phage RNA was being degraded while 
being transported across the membrane, or whether RNase I acts on 
the fragments after their entry. 

Finally, it was observed that the DNA-dependent RNA poly- 
merase inhibitor, rifampicin, has an apparent stabilizing effect on 
the foregoing degradation of phage RNA. As demonstrated earlier, 
the addition of 100 ug/ml rifampicin to cells at 0 - 10 min before 
the addition of phage precluded the penetration of viral RNA after 
10 min infection. In Figure 3.5 the penetrated RNA from two dif- 
ferent phage stocks has been isolated from WP156 cells infected for 
5 and 40 min and analyzed by gel electrophoresis. Examination of 
the RNA profiles obtained at 5 and 40 minutes shows that the injected 
fragments had undergone little alteration, since no shift of the radio- 
active label toward smaller fragments could be discerned in either A 
or B at 40 min. Moreover, since the phage stock used in Figure 3.5 B 
had a PFU/particle ratio of mr it would certainly have been degraded 
and the subunits reincorporated into rRNA had the rifampicin not been 
present. 

The effect of rifampicin on phage replication has been in- 
vestigated previously. In the presence of rifampicin, the later stages 
of RNA phage synthesis and replication are impaired (Rothwell and Yama- 
zaki, 1972; Engelberg and Artman, 1972). More specifically, at 15 min 
post infection, the period of maximal inhibition, it has been found 
that RNA minus strands are synthesized on the parental template at a re- 


duced rate, whereas the synthesis of progeny plus strands is completely 
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Pigure.3.-0 The effect of rifampicin on penetrated R17 RNA. 


E. coli WP156 cells (in 50 ml CTMM + aa) prelabeled with 3y-uridine as 
described in Figure 3.3 were infected at log phase (4 x 108 cells/ml) 
with 32P-labeled R17 phage in the presence of 100 ug/ml of rifampicin 
which was added 5 min before the phage; 25 ml aliquots of the infected 
cells were removed at 5 and 40 min post infection, quickly chilled and 
washed 6X to remove extracellular phage. The RNA from washed cells was 
then isolated by SDS-phenol and subjected to exponential gradient poly- 
acrylamide gel electrophoresis as described for Figure 3.3 and in 
Materials and Methods. (A) PFU/particle of infecting phage 5 x 1073 
(B) PFU/particle of infecting phage = 1 x ries a both A and B, the 
MOI = 1000 part/cell. 
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inhibited. On the other hand, the initial processes of RNA pene- 
tration and protein synthesis are apparently not affected (Engel- 

berg -and Artman, 1972). Since rifampicin is known to inhibit 

bacterial RNA polymerase both in vivo and in vitro (Wehrli et al., 
1971), it was anticipated that its presence would prevent the chan- 
neling of radioactive labels from the parental phage RNA to cellular 
RNA components, but that the breakdown of the phage RNA fragments 

would continue. The fact that rifampicin was found to inhibit phage 
RNA degradation as well as host RNA synthesis was thus unexpected, 

and the mechanism by which the protective effect is achieved is not 
clear. A direct protective effect exerted by rifampicin against mes- 
senger degradation seems unlikely, although this cannot be ruled out 
entirely. Possibly the breakdown of the RNA fragments might be coupled 
to bacterial RNA synthesis. In this context, it is interesting to note 
that Singer and Penman (1972) have observed that He La cell mRNA is 
Stabilized in the presence of actinomycin, an inhibitor of RNA trans- 
cription. The basis for this protective effect was not explained. 

From a biological standpoint, it is pertinent to ask whether 
any of the RNA fragments injected from highly degraded particles are 
active in directing viral protein synthesis. Since some of the larger 
than half size fragments should contain at least one complete viral 
cistron, there is no obvious reason why the formation of initiation 
complexes and the process of translation should not proceed Ga these 
fragments at early times after injection. A worthwhile investigation 
would be to infect cells in the presence or absence of rifampicin with 
highly inactivated Sapa raheiad phage, isolate the polyribosome fractions, 


and to analyze for any subnormal-size viral RNA fragment that might be 
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associated with the polyribosome fractions. 


3. The Effect of RNase on RNA Penetration 








Previous studies have shown that the presence of RNase 

in the medium results in the complete suppression of plaque forma- 
tion by cells infected at a MOI of 1 PFU/cell (Knolle and Kaudewitz, 
1963; Zinder, 1963) and that a concomitant hydrolysis of the infect- 
ing RNA occurs (Valentine and Strand, 1965). It was observed in 
this laboratory, on the other hand, that a considerable amount of RNA 
is able to penetrate into cells infected with a high MOI in the pre- 
sence of RNase (unpublished preliminary observations). This obser- 
vation raised the possibility that at higher MOI's, fragments of phage 
RNA produced by RNase activity might be able to penetrate before they 
were totally hydrolyzed. 

As mentioned in the introductory chapter, the tail model 
of phage RNA Penetration envisages one end of the RNA being attached 
to the A protein (or to one or both A protein polypeptide fragments 
produced during the onset of the RNA ejection step) and being "pulled" 
into the cell by the A protein. If the A protein were to precede the 
RNA during its entry, then the above hypothesis would predict that the 
amount of A protein penetrating into the host cell should be unaffected 
while that of the RNA should decrease with increasing concentrations of 
RNase in the medium. That this is indeed the case is illustrated in 
Figure 3.6, which shows the relative amounts of RNA and A protein pene- 
tration in the presence of increasing concentrations of RNase in the 
medium. The penetration of A protein was determined in a separate experi- 


ment in which cells were infected with R17 phage labeled in the A pro- 
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Figure 3.6 The effec 
phage RNA 
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t of RNase concentration on the penetration of 
and A protein. 
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E. coli WP156 (in CTMMtaa) at 4 x 10 cells/ml were subdivided into 


eight, 25 ml cultures 
pRNase added to give f 
Band 20 le/ml. Each 
phage at a MOI of 10 
quickly chilled and wa 
The washed cells were 
three, 1.0 ml aliquots 
Verse. The experiment 
R17 A protein penetrat 
RNase was similarly de 
histidine was used*. 
man 3MM filter discs ( 
according to the Piece 
were assayed for ~H-ra 
Materials and Methods. 


* In this case, cells 
40 min. 


and 1 ml of an appropriately diluted solution of 
iva cOncentraAlLions Ob Usb. .0s2,7024, 0, ceo. 
culture was then infected with 32P-labeled R17 
particles/cell for 20 min (37°) before it was 
shed 6X to remove all extracellular particles. 
resuspended to a density of 4 x 10° cells/ml and 
assayed for radioactivity with 10 ml Scinti 

was repeated using a MOI of 100 particles/cell. 
ion in the presence of varying concentrations of 
termined except that R17 phage labeled with 3y- 
The washed infected cells were dripped onto What- 
109 cells/disc), dried and treated with hot TCA 
dure outlined in Table 2.1. The dried discs 
dioactivity with a toluene fluor as described in 


were infected at a MOI of 102 particles/cell for 
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tein with Sweniar vine: 

It may be seen that the amount of phage RNA penetrated 
was sensitive to RNase concentrations as low as 0.1 ug/ml, and 
that a rapid decrease in RNA penetration occurred between 0.1 and 1.0 
ug/ml of RNase. The reduction in the amount of RNA penetrated did 
not approach zero but reached a steady level at RNase concentrations 
in excess of 1.0 ug/ml. At a MOI of 1000 particles/cell the plateau 
level corresponded to about 23% of the amount of RNA penetrated in 
the minus RNase control. At the lower MOI of 100 particles/cell the 
level reached was equal to about 3% of the control. The amount of 
A protein penetrating cells was not affected by the presence of RNase 
in the medium. Under the conditions of the experiment, about 15 
phage equivalents of A protein material penetrated each cell regard- 
less of the concentration of RNase. 

A trivial explanation for the reduced but significant level 
of penetrated RNA at higher MOI's might be that the standard washing 
procedure failed to wash off all the extracellular phage particles and 
that the greater the MOI the greater would be the background levels of 
intact phage. This can be discounted, however, since various controls 
(see discussion in Materials and Methods) have shown that the washing 
procedure successfully reduces the number of such particles to insignif- 
icant levels. Moreover, the fact that the RNA which has penetrated at 
high MOL's can be catabolized and incorporated into rRNA provides 
further support for the contention that the cell-associated radioactivity 
was due to RNA which had been injected into cells. 


Two possible models can be advanced to explain the observed 
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pattern of phage RNA penetration in the presence of RNase. The 
first states that the penetration process itself is unaffected, 
but that the decrease in the amount of RNA penetration results 
from the decreasing size of the RNA fragments which manage to 
penetrate before further degradation. A defined segment of RNA 
perhaps protected from RNase by association with A protein will 
always penetrate even at saturating (>1.0 ug/ml) concentrations 
of RNase. 
The second possibility would be a process in which only 

those particles which undergo the ejection reaction at the base of 
the pilus succeed in injecting the phage RNA into the cell. Attach- 
ment and ejection by phage particles at a point on the F-pilus some- 
what removed from the cell surface would result in the complete degra- 
dation of the RNA by the RNase. According to this scheme, the pene- 
trated RNA originating from the particles at the cell surface would 
not be accessible to the RNase in the medium, and would therefore re- 
main intact even in the presence of saturating concentrations of RNase. 

The experimental results (Figure 3.6) show that the amount of 
penetrated A protein is unaffected by the presence of RNase. This 
phenomenon can be rationalized in either model on the assumption that 
the A protein penetrates independently of viral RNA after the RNA ejec- 
tion step. Alternatively, from the standpoint of the tail model, the 
A protein component of an A protein — RNA complex may continue to be 
transported into the cell under conditons where the RNA "tail" has been 
entirely removed or reduced to a small, protected fragment by RNase 


digestion. 
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The data presented in Figure 3.6 tend to rule out the 
first of the foregoing models. If a discrete RNA fragment on the 
penetrating end were indeed resistant to RNase, then one would expect 
the amount of RNase-resistant RNA injected in the presence of a sat- 
urating concentration of RNase to be a constant fraction of the amount 
injected in the absence of RNase regardless of the multiplicity of 
infection. As shown in Figure 3.6, this was not the case. On the 
other hand, the second of the foregoing schemes predicts that the 
greater the MOI, the greater will be the number of phage particles 
that will become attached to the "optimum" binding sites at or near 
the cell surface and be able to inject intact RNA. The data in Fig- 
ure 3.6 are therefore consistent with this hypothesis. 

Additional support for the latter hypothesis was also 
obtained from a polyacrylamide gel electrophoretic analysis of viral 
RNA isolated 5 min post infection from cells infected in the presence 
of saturating concentration of RNase. The latter model predicts that 
the penetrated R17 RNA would appear in polyacrylamide gels as intact 
RNA (provided that the viral RNA is not fragmented in Situ), while the 
former model predicts that only RNA fragments (or a fragment) would be 
found. As may be seen in Figure 3.7, native intact R17 RNA predominates 
whether the RNA is extracted from the infecting phage (3.7A) or from 
cells (thoroughly washed) infected by the phage in the presence of 5 yg/ml 
RNase (3.7 B). Since A protein penetration is unaffected by RNase, it is 
still possible that penetrated A protein material originating from phage 
which had adsorbed to a RNase sensitive position on the F-pilus may have 


brought into the cell a segment of RNA protected from degradation by the 
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Figure 3.7 Polyacrylamide gel analysis of phage RNA isolated from E. 
coli infected with phage in the presence of RNase. 


ey COLL WEL56) at 47x 10° cells/ml (in 50 ml CTMM + aa) were infected 
with 22P-labeled R17 phage at a MOI of 103 particles/cell in the presence 
of 5 pg/ml pRNase. At 5 min post infection, the culture was quickly 
chilled by being poured onto 20 ml frozen TMM (-Mg2"). The cells were 
then washed 6X and extracted for total RNA by the SDS-phenol procedure 
described in Materials and Methods. The 32p-labeled RNA was then 
analyzed by exponential gradient gel electrophoresis according to 
procedures described in Figure 3.5 and in Materials and Methods. (A) 
Profile of RNA isolated from intact phage used for the infection, 
(PFU/particle = 1x L072)" .(B)e Prorulesor 32p_jabeled RNA isolated from 
infected, washed cells. 
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A protein. However, such fragments, if small, may not be discernible 
in a distribution such as that given in Figure 3.7. 

Since the foregoing results indicate that intact phage RNA 
is able to penetrate into host bacteria in the presence of RNase, 
especially when relatively high MOI's are used, it seemed reasonable 
to expect that some of the infecting genomes might be infectious. An 
experiment was thus carried out to test this assumption. Host bacteria 
(WP156) in CTMM (+aa) medium were infected at log phase (4 x 08 cells/ 
ml) with eer laneled phage (PFU/particle = 1/80) at a MOI of 10° 
particles/cell for 20 min. The cells were then washed as described in 
Materials and Methods to remove extracellular phage, then plated with 
a lawn of sensitive Hfr bacteria and assayed for plaque-forming units 
(infectious centers). The results are shown in Table 3.2. 

It was found that the number of plaque-forming centers 
corresponding to cells infected with infectious RNA was proportional 
to the average phage equivalents of infectious RNA penetrated per cell. 
It is relevant to note that if the experiment was carried out using 
phage of very low infectivity (e.g. PFU/particle = Ney 55, then the 
infected cells would not give rise to infectious centers although some 
noninfectious RNA would still be able to penetrate cells in the presence 
of RNase. Of interest are the results obtained with the F control cells 
which showed that the washing procedure left an extracellular phage back- 
ground of about 1 PFU/900 cells or 1 physical particle/30 cells. Such 
background levels are insignificant in terms of radioactive counts. It 
was concluded from these results that at high MOI's, infectious phage 


RNA can penetrate cells even in the presence of saturating concentrations 


of RNase. 
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Table 3.2 


Plaque Assay of E. coli (Hfr) Cells Infected with R17 Phage in 


the Presence of RNase 


x 
Condition of equivalents of RNA equivalents of infectious centers 


infection penetrated/cell infectious RNA | (PFU/4x108cell1s) 
penetrated/cell 


Normal 
infection 
(no RNase) 


+RNase 
(5.0 pg/ml 


E. coli B (F 
control 





* Since PFU/particle of the phage = 0.0125 and since up to 40% of 
the phage may inject RNA, the ratio of infectious RNA/RNA injected 
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Although it was originally hoped that the present studies 
might provide clues to the question of the polarity of RNA pene- 
tration, it soon became evident that the intracellular degradation 
of the penetrated RNA precluded a meaningful chemical analysis of 
the 5'- and 3'- termini. On the positive side, these studies have 
yielded information on the fate of the phage RNA soon after pene- 
tration; i.e., they have shown that fragments of phage RNA can and 
do penetrate into host bacteria. The gel profiles of the phage RNA 
isolated from cells infected for 5 min with phage in the presence 
of RNase showed that the bulk of the penetrated RNA appears to be 
intact 28S ribonucleate. This has suggested to us that the sensi- 
tivity of the infectious process towards RNase applies only to parti- 
cles which adsorb to the F-pilus at some distance from the cell 
surface. The RNA from these particles appears to be almost completely 
degraded en route to the cell surface. Particles which attach to the 
F-pilus near the cell surface, on the other hand, appear to be resis-— 
tant to RNase, and manage to inject intact, infectious RNA into the 
cell. It is believed that viral RNA is able to penetrate cells at 
all multiplicities of infection in the presence of RNase, but that the 
probability of a successful hit (attachment at the base of F+pil17) 
would be very much reduced at lower MOI's (cf. the experimental results 
of the infections carried out at MOL's of 100 and 1000 in Figure 3.6). 
This may account for the earlier conclusions, reached on the basis of 
low multiplicity infections, that RNase prevents the penetration of 
phage RNA and plaque formation (Knolle and Kaudewitz,91963; Zinder, 


1963)% 
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CHAPTER IV 


THE INACTIVATION OF PHAGE R17 BY ASCORBATE AND COPPER(II) 


(A RADIOIMETIC SYSTEM). 


A. Introduction 

There are several methods which can be employed to cleave 
R17 RNA in situ without unduly affecting the protein constituents 
of the particle. By storing Spal abel ed phage suspensions in a pro- 
tective medium at - 80° over varying periods of time it is possible 
to obtain phage preparations with a known average number of breaks 
per chain from calculations based on the specific radioactivity of 
the labeled phage (Lupker et al., 1973). However, this procedure is 
impractical from the point of view of it being time consuming; a 
series of phage preparations with different degrees of RNA fragmen- 
tation would be obtained in a matter of months instead of minutes 
(see appendix). A more rapid method involves the irradiation of 
phage particles with high energy X-rays or y-rays (Ginoza, 1963; 
Sharp and Freifelder,1971; Coquerelle and Hagen 1972; Pao and Speyer, 
1973). 

The molecular degradation of biological targets irradiated 
by high energy X- and y-rays can occur through the direct absorption 
of energy or indirectly through attack by the radiolysis products 
of water. The ionization and excitation processes triggered by the 
absorption of high energy photons by water give rise to products such 
as solvated electrons (ce aq), hydroxyl radicals (-OH), hydrogen 
radical (+H), molecular hydrogen, and hydrogen peroxide (Singh and 


Nicolau, 1971). The first three are known to be highly reactive 
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species and the most important one, the ‘OH radical, has been shown 
to be the causative agent of 50 to 95% of all lesions produced by 
X- or y- irradiation of molecular targets in aqueous medium (Blok 
and co-workers, 1967 and 1968; Powers and Gampel-Jobbagy, 1972; 
Auda and Emborg, 1973). Redox Systems such as the Fenton reagent 
(real + H,0,) or the Dixon-Norman system (Ti? + H,0,) have been 
labeled as radioimetic systems as they, through the production of 
‘OH radicals, give rise to molecular lesions similar to those found 
after X or y- irradiation (Singh and Nicolau, 1971). 

Recently it has been observed that the incubation of DNA 
in the presence of ferric or cupric ions and ascorbic acid results 
in the formation of single stranded breaks in DNA (Fomenko et al., 
197459Morgan et al., 1975)% It was decided that dt would be of 
interest for practical and general scientific reasons to investi- 
gate the possibility of RNA strand cleavage in R17 particles incu- 


: 24 : : : 
bated in the presence of ascorbate-Cu » and if possible to ascertain 


the parameters that are involved in this cleavage. 


B. Results 


+ 
Dome arameters of Rig Phage Inactivation by Ascorbic Acid and Co 


Figure 4.1 illustrates the effect of the incubation of R17 








particles in the presence of 10M Gigs and 10 °M ascorbic acid in @ 
high ionic strength buffer. As can be seen, the inactivation of the 
phage particles follows first order kinetics; more than a 4 log drop 
in infectious particles was produced within two min at 37°. Control 


2+ , : : 
mixtures incubated with only Cu or ascorbic acid showed little or 
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Figure 4.1 Kinetics of phage R17 inactivation by ascorbic acid, Cu 
incubation. 


Prewarmed solutions were combined to give a 0.5 ml mixture containing 
107-3M L-ascorbic acid, 107°M CuCl9 and 1013 R17 particles/ml in 0.05M 
Tris (pH 7.3) with 0.09M NaCl. After the addition of the last compo- 
nent (phage), the mixture was agitated in a vortex mixer for 1 sec and 
then incubated at 37°. 0.1 ml aliquots were taken out at appropriate 
time intervals and quenched with 0.01 ml 1072M EDTA. Samples were 
serially diluted immediately and assayed for infectious centers (PFU) 
as described in Materials and Methods. 
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5 ; ; : ; ; Pass 
no phage inactivation in a period of four minutes. A Cu con- 


, heat =3 
centration of 10 M in the presence of 10 ascorbate inacti- 
—6 oe 

vated phage at a rate too fast to be measured; at 10 MCu’ , 
about 90% of phage was inactivated in four minutes, 

; . = 3 

The foregoing standard concentrations of ascorbate (10 ~M) 
Zt 5 : ‘ 
and Cu (10 ~M) were chosen in order to have a saturating amount 
: ‘pba be fee 
of ascorbate in the presence of a limiting amount of Cu~'. Under 
these conditions, the inactivation of phage was found to be easily 
Stopped through the addition of 0.1 volumes of Lome EDTA and sub- 
Sequent maintenance of the chelated solutions at 0°. 
‘ ; d thee 
The rate of inactivation of phage by ascorbate and Cu 

was found to be temperature dependent and to a lesser extent 
dependent on the concentration of particles. Table 4.1 summarizes 
an experiment in which phage particles were incubated under standard 
conditions with varying particle concentrations and at different 


temperatures. After 25 seconds, EDTA was added and the mixtures were 


chilled and serially diluted for plaque assays. 
Table 4.1 


Effect of Phage Concentration and Temperature on the Amount of Ascorbate- 


Dae : , * 
Cu Inactivation of R17 Phage 











Phage Conc. Temp. Surviving 
(Part/m1) Fe Fraction 
De0ix Maye By O215 
Suellrs me 37 0.014 
Sr e.s Og a0 0.008 
2 1ZAY | 3 ide Wi 0.004 
2. OX. te 0 Ore 

LZ 
Dee kal 25 ae 
* 


Particles were incubated in 10 -M ascorbate and 10 -M eee Tor 25 sec 


PFU/particles of phage at 0 time = 1/10. 
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It was found that only 30% of the infectious particles 

were inactivated in 25 sec at 0°, whereas at 37° the survivors 
2 ? ; ; 
were reduced by a factor of 10 . The magnitude of phage inacti- 
: A a, ; : 10 

Vation is Similar at particle concentrations from 5 x ll to 

P2 - ; ; : 
or ee ae) particles/ml, although the absolute rate of inactivation 
appears to be higher at lower phage concentrations. It is pre- 
sently not clear why the rate of inactivation decreases at higher 
phage concentrations. In contrast, Orr (1967a) found that the 
rate of inactivation of catalase at low ionic strengths by ascorbate- 

VE a ; 

Cu is independent of catalase concentrations. 

Orr (1967a) has advanced the thesis that ascorbate probably 
acts through hydroxyl free radicals (°OH) formed from the reduction 
of oxygen. If this were the case, the partial or complete exclusion 

Pel ; ; : 
of oxygen from ascorbate-Cu incubation mixtures should bring about 
a sharp reduction in the loss of phage infectivity. Anoxic incuba- 
tions were therefore carried out under N, saturated conditions as 
described in Materials and Methods. It was found that under standard 

- : ; J > ae, 
concentrations of ascorbic acid and Cu’ , no loss of infectivity 


occurred when phage was incubated in the absence of 0,, whereas the 


a 


control mixtures incubated under normal atmospheric conditions result- 
ed#in a LOQ-fold decréase in infectivity (in about 40 sec). ‘It was 


concluded that 05 is a necessary component for the rapid inactivation 


of phage R17 by the aenorreres Cie system. 


The requirement for 0, in the incubation mixtures suggested 


2. 
to us that the superoxide Ce radical (McCord and Fridovich 1968, 


1969; Lavelle et al., 1973) might be the ultimate causative agent of 
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inactivation. Superoxide is formed by the donation of an electron 
to 0, and,since ascorbic acid forms a stable free radical with the 
loss of an electron, it could provide a source of electrons. If 
a were the active agent, then the inclusion of the enzyme super- 
oxide dismutase in incubation mixtures should afford some protection 


as the enzyme would catalyze the destruction of superoxide radicals 


by dismutation to oxygen and hydrogen peroxide. 


ont 20250 0 CH Heo 
aes = 2°2 


Such studies were carried out and it was found that the 
enzyme had no detectable effect on the inactivation of phage at 
enzyme eoneeutrations as high as 4/70 units/ml (McCord and Fridovich 
units). Controls showed that this concentration is more than 10 
times that required for the total suppression of the reduction of 
cytochrome C by 0,- generated from a xanthine - xanthine oxidase 


4 


system. It was concluded that Oa radicals are not the reactive 
species responsible for phage inactivation. 

To determine whether H,0, might be functioning as an inter- 
mediate in the generation of reactive free radicals by ascorbate plus 
coe an experiment was carried out to ascertain the effect of catalase 
on the inactivation of R17 phage. Standard reaction mixtures were set 
up as described in Figure 4.1, with catalase being present in one of 
the incubation mixtures at a concentration of 4 ug/ml. The results 
are shown in Figure 4.2. 


It may be seen that the catalase provided a significant 


4 Bee P : 
protective effect against ascorbate-Cu inactivation. When the 
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Figure 4.2 the eftectyof catalaseson the inactivation of phage R17 
by ascorbate-Cu~'. ; 


Phage inactivation was carried out under the same conditions as 
described in Figure 4.1. In one incubation, beef liver catalase 
(Worthington, 6500 units/mg), was added to yield a final concentration 
Of 4 pe/ml Whe phase concentration was 6 x 1011 pFU/m1 (PFU/particle 
1/10). Aliquots of the incubation mixture were treated with EDTA at 
appropriate time intervals and assayed for infectivity as described in 
Pirure (421 
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catalase was heated at 98° for 10 min prior to its addition to the 
reaction mixture, no protection was observed. Although the basis 
for this protective effect has yet to be clearly established, it 
seems unlikely that it arises from a simple competition for the 
reactive species between the phage particles and the catalase 
molecules. Orr (1967b) has shown that catalase can be inacti- 
vated by ascorbate and Cian presumably through degradative changes 
in the catalase molecule. However, this effect only occurred at 
low ionic strengths and was not found at all with the concentration 
Ofeiris buifer at 0.1M.! It is thus possible that the present find- 
ings reflect the dismutation of H,0, by catalase and that H,0. may 
be an intermediate in the formation of reactive species. At present, 
the most likely candidate appears to be the hydroxyl free radical. 

In Figure 4.3, the effect of increasing concentrations of 
the -OH scavenger, potassium iodide, and that of the solvated electron 
Scavenger, potassium nitrate, on the phage inactivating medium is 

a, Ree e aq and -OH as 


3 
10 5,-1 
reported by Anbar and Neta (1967) are 1.1 x 10 ands <a xe LOM 


shown. The bimolecular rate constants of NO 


sec respectively; the rate constant between I ions and -OH is 

Seat Sal : = = 
7x 10M sec . The reaction between I and e aq was too low to be 
measured. As can be seen in the figure, the phage infectivity was not 
protected by the presence of up to Ae concentration of KNO, under 
control conditions in which the phage was inactivated by a factor 
greater than suai On the other hand, the presence of 10 Ki con- 
ferred 100% protection. Protection of DNA from degradation by 


Pee a ane Ca was also observed when other *OH trapping agents such 


as mannitol and benzoate were included in incubation mixtures (Morgan 
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Figure 4.3 The effect of the presence of free radical scavengers in 
ascorbate-Cu2t -phage incubation mixtures. 


Individual incubation mixtures (0.5 m1) containing 1073M ascorbic acid, 
107°M Cu2t, 1.2 x 1013R17 particles/ml (PFU/particle of phage = 1/9) 
and appropriate concentrations of KI or KNO3 were set up. Each mixture 
was incubated for 1 min at 37° and quenched with 50 1, 10-2M EDTA, 
Each sample was serially diluted and assayed for plaques as described 
in Materials and Methods. 





Ctral. stot): 


2. Physical and Biological Properties of hace rhan eee ae 


Treated R17 Phage. 





R17 phage infectivity can be destroyed by perturbation of 
the phage at two sites. (a) The A protein can be removed or its 
function nullified so that phage attachment to the F-pilus and sub- 
sequent RNA ejection fail to occur. (b) The chemical or physical 
integrity of the RNA genome can be altered by various means to render 
the RNA noninfectious. A series of studies were carried out to de- 
termine the site and the nature of the cag bkatee 

Phage samples with various PFU/particle ratios were pre- 
pared on a large scale as described in Materials and Methods by treat- 
ing a single Spy ahel ed phage suspension with ascorbate and ne, and 
then removing aliquots at various times. Sucrose density gradient 
sedimentation and CsCl isopycnic analysis of the phage samples were 
carried out to ascertain whether the treatment had caused any gross 
structural damage to the particles. Figure 4.4A compares the sedi- 
mentation profiles of the untreated phage control (PFU/particie:= 
Sys 10.3) and the most highly inactivated phage sample (PFU/particle 
eee et 1OCye It may be seen that a TOReeeta reduction of phage 
infectivity caused no apparent change in the sedimentation properties 
of the phage. Although not shown, phage suspensions of intermediate 
PFU/particle values all sedimented as a single band having a mean 
sedimentation coefficient of 78S. Figure 4.4B shows the CsCl grad- 


ient analysis of an untreated Seatac (ne labeled phage control and 


ae ‘ 
ascorhate-Cuc ~inactivated, e2p et ape tan particles in the same gradient. 
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Figure 4.4 A comparison of the sedimentation property and buoyant 
density of R17 phage extensively inactivated with ascor- 
bate-Cu2+ with that of untreated phage. 


After being extensively inactivated under standard conditions of 
ascorbate-Cu2t incubation, 32P-labeled R17 phage was separated from 
EDTA, ascorbic acid and Cu2+ as described in Materials and Methods. 

(A) 0.2 ml aliquots of different preparations were layered onto linear 
(5-20%) sucrose gradients and centrifugation carried out at 45,000 rpm, 
for 80 min at 4° (SW50.1 rotor). Fifteen-drop fractions were collected 
directly into liquid scintillation vials containing 1.0 ml distilled 
water; radioassay was carried out after each sample was shaken to homo- 
geneity with 10 ml Scinti Verse. (3B) 32Pp-labeled phage (PFU/particle 

= 3% 1078) and 3y-guanosine labeled phage (untreated with ascorbate- 
Cu-', PFU/particle = 1/10) were mixed together in 4.0 ml SSC and 2.4 

g CsCl added. Equilibrium centrifugation was carried out at 35,000 
rpms, 4 4 for 18 hrs (SW 50.1 erotor) = pkuactions (12 drop) were collected 
into vials with 1.0 ml distilled water and assayed with 10 ml Scinti 
Verse. 


control 






ne) 


CPM x 104 
@ 


(2p ), 


ascorbate - Cutt 
treated 





2 4 6 8 (OMEN RAGA Ua G 
FRACTION NUMBER 





24 
[io 20 
ng 
256 16 
«<< 
= 
a 
O 6 f2 
tJ 
za 
wn 
4 8 
z4 
DZD 
Oo 
1 R 
as 
mo 2 4 
TOP 


FRACTION NO. 


82 


32p cpm x 10° (ee) 


oe 


pow) s 


ii 





e 


—teneaileinn 


5 el 
® 


nrciet ot 
is peyey 
wie 









at? mal 
‘ht age 


“aye AL, 

separ at ae Dba 2 
te snr gt hail 
'eyerel Ge {tin 
> yi $9 ot 
4 cavleata 
“he a banat 


j wit : 


Clearly, the buoyant density of the highly inactivated ae eee 
(PFU/particle = 1.0 x ions) was unaltered. 

The next parameter examined was that of the A protein 
activity in treated particles. The primary function of the A pro- 
tein moiety of R17 phage appears to be that of promoting phage 
attachment to filamentous receptors (F-pili) on the host cell and 
the subsequent penetration of phage RNA (Krabnectyal.2u19/2) . oThe 
biological integrity of the A protein can be partially determined 
by measuring the capacity of a given phage preparation to attach 


POeP-otliated host bacteria. To this end, the ope iaveled phage 


preparations described in the previous section were subjected to the 


phage attachment procedure outlined in Materials and Methods. It 
was found that the attachment capacity of the phage suspensions 
(having PFU/particle ratios ranging from Mer to T0gs) decreased by 
no more than 5% throughout the range of infectivities. Previous 
studies by Krahn and co-workers (1972) have shown that the A pro- 
tein is cleaved into two polypeptide fragments, and penetrates 
along with the RNA into the cell in a 1:1 mole ratio. As will be 
shown elsewhere (Chapter V, Figure 5.4), the penetration of A pro- 
tein was unimpaired under conditions where the phage particles were 
extensively inactivated by Beeorynten Cail treatment. From these 
results then, it was concluded that the peer ha ene een loss 
of infectivity in R17 phage arises mainly from some perturbation of 
the RNA moiety of the virion rather than from an inactivation of 
A protein. 


Im vitro studies on the reaction of ‘OH radicals (produced 
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by y-radiation of H,,0) with polynucleotides in the random coil and 

double stranded form (Ward and Urist, 1967) have shown that damage 

is sustained, to varying degrees, by bases, the Sugar phosphate 

backbone and the macromolecular structure (as measured by hyper- 
chromicity). Boedtker (1967) has reported that approximately 80% 

of the bases of the R17 RNA strand are involved in intramolecular 

base pairing. In situ, the single-stranded RNA Probably exists as a 
highly ordered, tightly packed structure within the protein capsid. 

In order to determine whether the geeorbate= Crk n treatment causes any 
appreciable reduction in the ordered state of the RNA, the level of 
Secondary structure in treated phage was quantitated. A fluorescence 
assay involving the binding of the dye ethidium bromide was used as a 
probe for measuring the extent of base pairing in phage particles. 

This assay is based on the fact that ethidium bromide will intercalate 

or bind only to duplex DNA or RNA at high ionic strengths and that the 
fluorescence of the bound ethidium bromide is enhanced approximately 25- 
fold relative to the fluorescence of the unbound dye (Le Pecq and 

Paoletti, 1966). Preliminary studies had indicated that the dye molecule 
passes through the phage capsid readily to bind to the phage RNA dn situ. 
This observation was not unexpected since the phage capsid is believed 

to have a porous structure (O'Callaghan et al. 1973; Dunker and Paranchych, 
1975). The amount of dye bound by phage particles with PFU/particle ratios 
ranging from iow to TOT" was assayed as described in Materials and Methods. 
It was found that the uptake of dye was essentially identical in all cases 
suggesting that aan cakes inactivation of phage by BScorparetcace does 

not cause any detectable change in the level of secondary structure of 


the RNA in situ. 












maui { LG Tu é SV by" aw ii) ree al bali ti | 
1 "7 ; 
ib aoberav 0 |) feulosteer at 


7 
4 Tl 


babs Tommi one Ay Bias igen 


wae 


< ty i An { 
Zt 
y wioinl , bei 
‘ Yo bY epbwo yadoh 
; 
‘ 
~<€ i ee ! “y 
~— 
‘ 
" ‘ ir 5 | eyee bree x: 
a 
. t 
set} > vw 
i”? - tae 
2 
4A y Weekes L 
44 vr, ty 4 


a ¢ ud? Yo soaasaata 
| ai 


ML LY wy oy a ledectal i 


aa 7 


‘ 


‘ « vi) > 
wy 

Lyd ted oat iistetant 
1 Tr eM om J 

fit. of vi ee ian iyagands agasrite ans 
a i 


. | win teg@ageweau Gow eek noe on ete a 


ot 


‘ ~ ‘4 
fysi (ets? y) ¥ wary iit we 








uO Dz 2hq 


nih koh 2 
i” 
o> 


85 


3. Characterization of The RNA Isolated from hecorhateccus = 

Treated Phage 
Since the escorbate-Cur treatment had been shown to create 

single strand breaks in DNA, it was anticipated that the same would 
occur to the RNA in the phage particles; i.e., the -OH radicals 
generated would diffuse through the capsid and cause single-strand 
breaks in the RNA in situ.-That this was the case was easily shown 
by polyacrylamide gel electrophoresis of the RNA isolated from ascor- 
Pen Pereated phage (Chapter V, Figure 9-1A)-D,). It was observed 
that the greater the extent of phage inactivation, the greater the 
extent of RNA fragmentation as displayed by the RNA profiles in the 
gels. 

In a series of experiments conducted to deduce the polarity 
of RNA penetration into cells, the alkaline hydrolysates of Sreadenee 
sine-labeled RNA from Aiea eecee Genie phage were analyzed by 
paper electrophoresis (Chapter VI). These analyses allowed the deter- 
mination of the ratio of adenosine to adenosine-2',3'-phosphates Agy/AP 
in a series of phage preparations. The Agy/AP ratios relative to the 
infectivity (PFU/particle) of the various phage preparations tested are 
shown in Figure 4.5. As can be seen, the Agy/AP ratio begins to deviate 
from the expected value of 0.0013 as the particles from which the RNA 
was isolated were increasingly inactivated with ascorbate 00am This 
trend indicates that extraneous 3"-Agy residues were produced as the 
result of strand scissions giving rise to 3'-OH and 5'-phosvhate ends. 
The relative proportion of breaks that resulted in the formation of Shes 


phosphate and 5'-OH ends, if any, is an unknown factor at the present time. 
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Figure 4.5 The formation of extraneous 3'-Agy ends in R17 RNA 
cleaved in situ as a result of ascorbate-Cu2t treatment. 


Preparations of 3y-adenosine labeled R17 phage with different PFU/ 
particle ratios were obtained on a preparative scale by ascorbate-Cu-t 
treatment as described in Materials and Methods. Labeled phage sus- 
pensions (containing about 10/7 34-cpm) were combined with 1 x 1014 
unlabeled phage particles and the RNA from the mixture was extracted 
by SDS-phenol. The RNA was then subjected to alkaline hydrolysis and 
the resultant hydrolysate was analyzed by high voltage paper electro- 
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phoresis at pH 3.5 (see Materials and Methods for details of methodology). 


The A y7cPm/Ap-cpm ratio was obtained by determining the total radio- 
activity in the appropriate peaks in an electropherogram. A straight 
line of best fit was obtained by the least Square method. 
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Nevertheless, a reasonable estimation of the proportion of strand 
breaks to lethal "hits" can be made from the data given in Fig- 
ure 4.5. 

Studies characterising eraapageyecwere & treated R17 
phage described earlier indicate that the primary site of inacti- 
vation appears to be the viral RNA. Therefore, fatal lesions sus- 
tained by phage can be regarded in terms of strand scissions or 
base degradations (Singh and Nicolau, 197i}. Since RI7 phage is 
probably inactivated randomly by reactive .OH species, the dis- 


tribution of fatal lesions sustained by the phage population can be 


described by the Poisson function: 


F (y) 


where F(y) represents the fraction of 
number of lesions under conditions in 
particle has been introduced into the 
e10n, the fraction of survivors (y=o) 


It can be observed in Figure 4.5 that 


the phage particles receiving y 
which an average of x "hits"/ 


system. From the Poisson equa- 


is given by F, e * and x = evry Fo: 


at an Any /AP Tatio of twice the 


expected value (0.0026 versus 0.0013), 


= Aes F = - log PFU/particle of aE OrEnCe Cua inactivated 
LO mas 10 R17 
+ 10819 PFU/particle of untreated phage = 3.5 


given that the PFU/particle ratio of untreated phage is equal to 1/10. 


From the above, it is calculated that x = -ln F. =5=2.303 1ogj9 4 and 


x = 8. This means that approximately one extraneous 3°-Ay endeis pro- 


H 


duced when an average of 8 lethal "hits" are introduced per RNA target. 
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If one assumes reasonably that breaks involving the creation of new 
ends terminating in 3'-OH and 5'-phosphate are formed independently 

of base composition, then about 4 strand breaks have occurred when 

x = 8 (since the mole fraction of A in RNA is 0.23). If one makes 

the less likely assumption that breaks involving the creation of 

new 3'-phosphate and 5'-OH ends are formed with equal probability and 
independently of base composition, then a strand scission would be 
produced for every fatal lesion. Notein the Creepin that no attempt 
has been made to equate every strand scission with a lethal "hit" since 
Lupker et al. (1973) have shown that not every phosphodiester break 
introduced into an RNA phage necessarily inactivates it. This point 
will be discussed in greater detail in Chapter V. 

Another approach taken to ascertain the proportion of strand 
breaks to fatal lesions produced by incubation in acura ene? was 
the estimation of the number of intact RNA molecules left in a phage 
population after such treatment. The rationale was that if strand 
breaks constitute a constant fraction (a) of x, the average number of 
fatal "hits" absorbed per phage particle, then the fraction of the phage 


RNA population which escapes degradation would be given by: 


An approximation of (a) was obtained as follows: ee Gramosi nee 
labeled R17 phage inactivated to known infectivities by Be cor here ous 
were combined with freshly prepared See aneied phage and the mixture 
subjected to RNA extraction by SDS-phenol. The isolated RNA was then 
separated in 8M urea polyacrylamide gels at 60° as described in 
Materials and Methods. Eee was obtained by calculating relative amount 


of epi aieded RNA m-grating with the 28S, intact eo romanian in the electro- 
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pherograms. From Fe » (ax) was calculated. Fe was given by the ratio 

of the infectivity of the eseertaree cul treated phage to that of the 
untreated phage and from this figure, the value of x,then (a) was de- 
termined. The fraction (a) for several inactivated phage preparations 

is tabulated in Table 4.2. The average (a) value indicated that a little 
Fess than 1 7strand break is produced for every 2 fatal lesions. This 
estimation correlates with the lower value of (a) suggested by the 


Any/AP results discussed in the preceding section. 


C. Discussion 

1. The Mode of Action of Mecoreate: Cus 

The inactivation of R17 phage by poCorpatencuss has been 

investigated mainly as a consequence of our interest in using this 
reagent as a tool in the elucidation of the mechanism of R17 phage 
RNA penetration in the E. coli host. We have characterized a pLO— 
cedure that allows the controlled degradation of the phage genome 
without affecting in any gross way the properties of the capsid pro- 
teins. The resistance of the A protein to destruction by the putative 
‘OH radical is not overly surprising. It is known that the ability of 
DNA bacteriophage to adsorb is not appreciably reduced by direct effects 
of ionizing radiation (Sharp and Freifelder, 1971la; Coquerelle and 
Hagen, 1972). Previously De Flora and Badolati (1970) had shown that 
Y-rays exerted a selective action on some functions of A,/Hong Kong ,2niiti 
enza virus. The dose required to achieve complete removal of infectious 
particles does not affect its haemagglutinin (HA) titer nor alter its 


ultrastructural appearance. Seven to eight times the normal dose is 
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Mabiicwcia:, 


Estimation of the Proportion of RNA Strand Scissions to Overall 


Fatal Lesions Produced in R17 Phage Inactivated by Ascorbate-Cue* 
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PFU/particle of Vit C-Cu treated R17 
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PFU/particle of untreated R17 


(ii) Estimate of proportion of RNA migrating as intact molecules in 


8M urea gels at 60°. 
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required to abolish HA ability and alter the viral morphology. 
Along the same lines, E. coli ribosomal function was found to be 
impaired only after the unit had sustained eight or more hits 

from y-radiation (Petranovic et al.,1971). Similarly, the inacti- 
vation of A protein may conceivably be a multi-hit phenomenon; 
under standard conditions of ascorbate-Cu-> incubation, the A pro- 
tein was probably not altered sufficiently to bring about any sig- 
nificant loss of activity. 

The mechanism by which the RNA is degraded has yet to be 
completely elucidated. By analogy with studies on DNA strand cleav- 
age by ascorbate (the requirement for 05; the enormous enhancement 
in rate by ae and inhibition by catalase), it would appear that 
the mode of cleavage is probably identical (Morgan et al., ibe Sw) 5 
Initially it seemed that superoxide oy) was a likely candidate 
for the reactive species leading to strand cleavage. Superoxide gener- 
ated by the oxidation of xanthine by xanthine oxidase did cleave DNA 
efficiently and cleavage was completely suppressed by less than nano- 
molar levels of superoxide dismutase. However, superoxide dismutase had no 
effect on ascorbate-generated strand cleavage of DNA or RNA (Morgan, 
et al., 1975). Finally, the protection afforded by catalase and 
‘OH scavengers strongly points to the -OH radical generated from 
1,0, as the most likely candidate responsible for strand cleavage. 
Hydrogen peroxide itself has no effect on DNA or R17 phage infect- 
ivity. However, in the presence of transition metal ions such as 
feos and me H,0, is rapidly broken down into products that 
include -OH (Pryor, 1966). Other clues to-the mechanism of action 


rt he ; ; 
of ascorbate-Cu* are supplied by past in vitro studies on the 
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ascorbate molecule. Yamazaki and Piette (1961), with the aid of 
electron paramagnetic resonance techniques, were able to generate 
ascorbate free radicals (AH:) with the copper-containing enzyme 


ascorbate oxidase. The proposed reaction was: 








fos GY wal a ONE eee 
CaoeCrny Lom ‘ o Ee 
u- (En > > Cu (En)+AH-+H 
(ascorbic 
acid) 
2AH> oS: AH, + A (dehydroascorbic acid) 


Furthermore, Barr and King (1956) had previously indicated that ascor- 
bate free radicals (AH*) can undergo oxidation to yield dehydroascor- 
bate and HAO, 

Given these considerations and the observed nature of the 


2+ ‘ ; 
ascorbate-Cu System, the course of events leading to the formation 


of -OH radicals probably involves a series of redox reactions with O 





2 
2+ , 
and Cu acting as catalysts: 
+ 
Cu? + AH, ee Oe ch Hien 4ohH 6 @) 
. . 
AH + 0, AHO, (3) 
° ——_—_—oaoaoooooo—— 
2AHO,, 2A + H,0, + 0, (4) 
Cite uO aOR OH tt Gul (5) 


22 
An interesting experiment worth doing would be to compare the 
phage inactivation rates in incubation mixtures where an equimolar quan- 
; : 3 Phare ; 
tity of ascorbate oxidase was substituted for free Cu ions. Since the 
oxidation of ascorbate to its free radical is more efficient with the 


enzyme, a drastic increase in the rate of phage inactivation would be 


expected. By the same token, the initial step (equation 2) in the pro- 















a1 Whe sete stab (CPOE) eao tor Jafeowa® tase lv alll 
7 ey 39 eae Seer) asap Y ugha es LA Rll ll wvng wots 
vee Gerd wea sa Sis ey CTD 6 Nica Mekee on evsidyes 
ay i 
iv amily mor ot?  saahite- sIedvoa 
"4 F > 7 
fee o> ; ih * Gls "sD 
fae 4 on’ 
(> ?an 
teats) ' alin aaa Has 7 
thy Yiedote ( WR RY a MA bun ‘ate8 9? hats Tau 
5 \ ins ‘is “ias bin gett Bei | 
| bow cy 
E <"s 
i. A 
' i Ya Ie | rvew i 
" { ! 7 
; re of oP. 
2 ove Aas allt .Msi> Sys Wiad Tw 3 
, ieawaw! ¢ivrinders {go Fhe Li" 
> ; 
1472". & § @a Snitse an i nl! 
4 : : ; 7 i ; . u , ‘ oy <r 7 
4 4 a — + 44 + "PA 
i ‘ ' 
i= hy ia ae, ot o SA, ’ 
; a a \ _ 
| | ee cee 
: 2. : 
4 . | a 
=. e1Aqeo wa af biucw pid a cb Praia v29er #Qun qukseanpial aA. 7 i yy. 








Pavia pipe bl f 


_ 7 sen) gt 


atacw miter: bods wont ak wader bra 





=o Sl 





Fis 
Bia are 1. ay 


a 4 ne a ici = 


f 


95 


posed reaction should be rate limiting as the oxidation of ascor- 
bate by cane is probably far less efficient. Furthermore, the con- 
siderable dependence of the rate of phage inactivation on temper- 
ature indicates that a significant activation energy is involved 

in the formation of -OH. It is to be noted that the rate constants 
for reaction of *OH with compounds such as pentoses, purines and 
pyrimidines are greater than TO Merseee Such values are close to 
the limit imposed by the rate of diffusion and the actual reaction 
rates of :OH with a substrate should be only slightly temperature 
dependent. 

Of interest to the present discussion is the earlier report 
of Yamamoto and co-workers (1964) on the inactivation of bacteriophage 
by metals. They found that the sensitive RNA bacteriophages MS2 and f2 
and, to a lesser extent the single stranded DNA phage S13, are inacti- 
vated when their dilute suspensions come into contact with an aluminum 
alloy surface or when diluted with fluids which have been in contact 
with aluminum, zinc, or magnesium. The inactivation is believed to re- 
sult from the simultaneous action of traces of Cuan and electrolytically 
formed H,0, and may be stimulated by addition of both of these agents, 
although neither alone was fully active when present in trace amounts. 
The finding that the phages were protected by adding either catalase 
or EDTA further supports the suggested mechanism. In retrospect, the 
simultaneous action of ere and H,O, described by this group probably 


Pes 


represented the schism of H,0, by cua into *OH and H,0 (Pryor, 1966). 


What this group observed, then, was a system inactivating phage through 


the ultimate generation of damaging -OH species, 
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2. Free Radical Attack on Nucleic Acids 

Iwo main types of lesions are produced in nucleic acids 
by :OH radicals (also by the direct effects of ionizing radiations). 
These are base degradations and phosphodiester bond scissions. 
Recently Stelter and co-workers (1974) have examined the effect of 
°OH attack on ribose-5-phosphate by the analysis of products by gas 
liquid chromatography and mass spectrometry. One mechanism they 
proposed which may serve as a model for the formation of phospho- 


diester bond scissions in RNA is as follows: 


@o - cH, @®0-cu, 
OH Le OH 
One @: Fie auk bbe rests ‘ 
© (6) 
OH OH OH OH 
A 
@®o-c (®O-CH 
OO OH 
e @ H (7) 
OH OH OH OH 
A B 
Sia O "CH 
: l Taare PEL Gad toe 
HO H O H 
OH OH OH OH (8) 
B Cc 
4CH3 5 CH. : 
ee A +R 
O H 0 H 
OH OH OH OH (9) 


Cc 5-Deox y-D -erythro-pentos-4-ulose 
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Essentially, the reaction scheme involves H abstraction at 
the C-4 position by -OH followed by ring opening. Radicals with an 
OH group in an a and a phosphate group in a 8 position are known to 
undergo rapid elimination of phosphate. Following the same mechanism, 
a phosphate group at the C-3 position can also be eliminated. Thus, 
strand breaks leading to 3'-phosphate or 5'-phosphate end groups could 
theoretically arise in RNA challenged by -OH. A similar reaction mech- 
anism may give rise to 5'-OH, 5'-P0O, and 3'-OH termini which have been 
associated with single stranded breaks in DNA isolated from y-irradiated 
E. coli (Gaziev et al., 1974). The findings of extraneous Ann residues 
in alkaline hydrolysates of Becorbace-Cu- =treated R17 RNA strongly in- 
dicates that strand breaks resulting in the formation of new 3'-OH and 
5'-P0, ends are produced by -OH attack. However, more extensive chem- 
ical analyses of viral RNA degraded in situ by -OH must be carried out 
in order to answer the question of whether any breaks involving the 
formation of 3'-P0,, and 5'-OH ends are also produced by peeorpatercnaa 
incubation. Furthermore, such analyses should indicate whether strand 
breaks are distributed randomly or nonrandomly amongst the four basic 
nucleotides in the chain. 

Several in vitro studies have been carried out to determine 
the comparative susceptibility of base and glycosidic phosphate link- 
ages in nucleotides subjected to -OH attack. At present there is some 
disagreement in the literature concerning the results. In some quarters, 
the suggestion was made that -OH attacks bases and phosphate bonds 
equally (Stelter et al., 1974), while other workers claimed that the 


phosphate group in free nucleotides is affected 20 to 25% of the time 
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(Scholes et al., 1960). The analysis of the amount of intact viral 
RNA migrating in 8M urea polyacrylamide gels (at 60°) presented 
earlier tend to support a scheme whereby the phosphodiester bonds 
and bases of the viral RNA in situ are affected equally by free 
radicals. There is also evidence to indicate that bases in double 
stranded polynucleotides are protected to varying extents (25-50% 
Protection as compared to free nucleotides or Single stranded poly- 
nucleotides) from -OH radical degradation (Ward and Uris e967). 
Since about 80% of the bases in R17 RNA are involved in base-pairing, 
it is expected that some protection of bases from -OH attack occurs 


here as well. 
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CHAPTER V 


PENETRATION STUDIES WITH ASCORBATE-Cu*? INACTIVATED R17 PHAGE 


A Introduction 

As shown in Chapter IV, incubation of R17 phage with 
ascorbate and eee ions results in the fragmentation of the phage 
RNA in situ without causing any detectable change in the functional 
properties of the capsid proteins. The rapidity and simplicity of 
the peeorpetesCu procedure was exploited in the present study to 
produce phage preparations with a wide spectrum of infectivity. These 
preparations were then utilized in a series of penetration experiments 
in which the kinetics of the amount of RNA injected, the physical 
State of the penetrated RNA, and the hydrodynamic properties of the 
extracellular phage particles remaining after exposure to sensitive 
E. coli were examined. It will be demonstrated that particles inject 
only part of their RNA into host cells if strand breaks are intro- 
duced into .the RNA prior to cell infection. Apparently not all breaks 
give rise to strand separation since some potential fragments are 
probably held together by intrastrand hydrogen bonding. In other words, 
the phage RNA appears to retain part of its secondary structure during 
the penetration process. Also found in this series of experiments was 
evidence which suggests that the eclipse or the RNA ejection step of 
phage infection may also involve the detachment of some coat protein 
monomers from the capsid. The implications of these findings in relation- 


ship to phage infection are discussed. 
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Finally, it was confirmed in a separate experiment that 
divalent metal ions are required for the complete ejection of RNA 
from capsids. Infections carried out in the absence of such ions 
result in the breaking off and release of variable portions of the 


viral RNA and the formation of partially empty capsids. 


B. Results 





1. RNA Penetration of R1/ Phage Inactivated by Rageahare Gul: 
(a) Polyacrylamide Gel Electrophoresis of Penetrated RNA 

The results in Chapter III have shown that fragments of 
RNA originating from highly degraded 2 cue yaneled R17 phage are able to 
penetrate sensitive cells. It was expected that R17 RNA degraded in 
situ by treatment with Horonwshecietate would yield similar findings. 

To confirm this, an experiment was carried out as follows: 

A purified Sap tateled R17 phage preparation was treated 
with ascorbate and aie as described in Materials and Methods to prepare 
a series of phage preparations having PFU/particle ratios ranging from 
Shi Ls TOuG (untreated control) to 3.0 x es An aliquot of each prep- 
aration was subjected to phenol extraction, after which the extracted 
RNA was examined by polyacrylamide gel electrophoresis. A second aliquot 
of each phage preparation was allowed to interact with host bacteria 
for 5 min at 37°. The cells were then chilled and washed to remove 
extracellular phage, after which the intracellular RNA was isolated by 
phenol extraction and subjected to polyacrylamide gel electrophoresis. 
The results of the experiment are shown in Figure 5.1. Panels A,-D, 


show the electropherograms of RNA extracted directly from the four 


phage preparations employed. Panels A,-D, show the results of poly- 
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Figure 5.1 Polyacrylamide ge electrophoresis of 32 _RNA isolated 


from ascorbate-Cu -inactivated R17 phage and from E. coli 
(Hfr) cells infected with the same preparation. 


Derivative 32p_1abeled phage= stocks of dit berent PFU/particle ratios 
were obtained on a preparative scale by ascorbate-—Cu treatment as 
described in Materials and Methods. E. coli/WP156 cells in, 25 ml 
CIMMtaa (prelabeled for 30 min in the presence Ome uG iy mt 3-5 ,6-uri- 
dine) were infected at a density oe 4 x 108 cells/ml with each of 4 
phage preparations at a MOI of 10° particles/cell. After 5 min the 
cultures were quickly chilled and washed 6X to remove extracellular 
phage. The RNA from washed, i fected cells and from a mixture of 
intact phage (10/ cpm) and 10 3H-uridine labeled cells (combined at 
4°) were isolated by SDS-phenol extraction. About 500 ug of radio- 
actively labeled RNA from each sample was then separated in exponential 
gradient (2.5-15%) polyacrylamide gels at 4° and 10 volts/cm. (See 
Materials and Methods for details of methodology). Aj-D,: electro- 
pherograms of the RNA isolated from intact phage of 4 different in—- 
fectivities. Aj-D5: electropheorgrams of the RNA isolated from host 
bacteria infected with corresponding phage preparations shown in A,-D,-- 
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acrylamide gel analysis of the PA found in host bacteria 


following the 5 min exposure to each of the corresponding phage 
preparations shown in panels A,-D,- It is to be noted that one 
labeled 23S, 16S and 4S cellular RNAs served as internal markers 
in each of the gels. 

It is evident from Figure 5.1 that the fragmentation of the 
RNA recovered from whole particles becomes more extensive as the level 
of infectivity diminishes. On comparing the RNA profile of the mater- 
ial isolated from intact particles with that isolated from cells in- 
fected with the same batch of phage, it is seen that the extent of 
fragmentation of the penetrated RNA is comparable to that found in 
the particles. The more degraded the RNA in the particles, es more 
degraded was the RNA recovered from the infected cells. This finding 
therefore supports the previous conclusion that RNA penetration is 
not confined to intact infectious RNA, but that fragments are able to 
penetrate as well. 

One plausible explanation for these observations is that the 
leading or proximal end of the penetrating RNA becomes separated from 
the remainder of the molecule at the first phosphodiester scission in 
the RNA chain. Given the assumption that the position of single-strand 
breaks is random in any given phage population, the size of the penetrat- 
ing RNA fragments would be expected to behighly heterogeneous. More- 
over, one would predict that the amount of penetrated phage RNA should 
decrease with increasing levels of fragmentation, since an increase in 
the average number of breaks per genome would increase the probability 
of breaks occurring near the leading end of the genome. In fact, 


Panels A, to D, in Figure 5.1 do show a decline in the amount of re- 
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covered parental phage RNA in infected cells as the infectivity of 
the phage decreases. 

Alternatively, it could be argued that phage RNA pene- 
tration is an all-or-none process; either the total content of 
a capsid is injected or none of it is injected. When a particle is 
challenged by -OH radicals, there may exist a threshold level of 
lesions beyond which that particle will not undergo the processes 
of RNA ejection and penetration. Although this conjecture may exp- 
lain the decrease in the amount of RNA injected by phage of decreas- 
ing infectivities, it also implies that highly fragmented genomes 
would not penetrate into the host cell. Consequently, the oe 
bution of the penetrated RNA - although mirroring that of the mater- 
ial isolated from whole particles with relatively high infectivities 
- should be dominated by large fragments regardless of the infectivity 
of the parental phage. This prediction appears not to be borne out by 
the data shown in Figure 5.1 

To provide a further basis for assessing the mass distributions 
shown in Figure 5.1, an attempt was made to generate a computer simula- 
tion of the first-piece-only model of RNA penetration. The approach 
used involved a system of yectors of a defined magnitude and orientation 
which simulated a population of RNA strands each with 5'- and 3'-ends. 
In actual runs, parameters such as the number of units or target sites 
per strand, the number of strands in the system and the average number 
Ciena ck S we sy Rf be introduced per strand could be independently speci- 


fied. Given these parameters, the program distributed the scissions 


randomly into the population and then "counted" the number of fragments 
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of a particular length produced. 

In Figure 5.2, the mass distribution of the fragments 
produced in the whole system and that of the first piece injected 
(arbitrarily designated as the fragment on the extreme right hand 
side of each strand) are given for x values of Wes Elite) Si) hs 
must be stressed that the distributions illustrated in the Figure 
are far from statistically ideal as the parameters of strand number 
(500) and RNA size (33 units) specified in the runs were relatively 
small. However, it was decided that the potential information to be 
gained with much higher numbers did not justify the prohibitive costs 
that a "true simulation" would entail. 

What Figure 5.2 does show - and this is the purpose of the 
exercise - is that the mass distribution of the fragments in the 
whole system approximates that of the first piece injected (right hand 
fragment). Since this is also what was found experimentally, it can 
be said that the data in Figure 5.1 are at least consistent with the 
first-piece-only injection model. However, since it had become appar- 
ent by this time that this approach would not permit an unequivocal 
distinction to be made between the two theoretical modes of injection 
(because of unknown amounts of intracellular degradation of phage RNA, 
and because of the inability of the gel electrophoresis system to re- 
solve the RNA fragments completely), this avenue of investigation was 
not pursued further. As described in what follows, other approaches 
were found to resolve this problem more satisfactorily. 


(b) The Relationship Between Phage Infectivity and the Amount 





of Penetrated RNA. 
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Figure 9.2 A comparison of the mass distributions of the total frag- 
ments produced in a system simulating a first-piece- 
injected process. 


The program used to simulate the distribution of fragments produced 
when 500 RNA strands each with a length of 33 nucleotides are subjected 
to an average of x breaks is as follows. 


(i) A matrix of 500 vectors) each with a Length of 35 units of ttarce: 
sites is set up to simulate the RNA population. Each vector is oriented 
with the right side representing the 3'-end of the RNA. 


(ii) A computer random number generator is used to obtain a random 
integer n (1<n<500). This number represents the particular strand 
Tecelvine ay adits 


(iii) A new random number m (1<m<32) is generated to represent the site 
on the strand that is cleaved. The program is set up so that once a 
position is “hit™ it cannot be. hit aegain. 


(iv) The procedure is independently repeated 500 times.. 


(v) The 500 (x+1) fragments produced in the system are "measured" and 
tabulated by the computer. The number of fragments of a particular 
length formed (33 types of fragments are possible) are expressed as a 
percent of the total number of fragments generated in the system. 


(vi) A separate tabulation of the extreme right hand fragments con- 
taining the original 3'end is made. There are always 500 such fragments 
and this subset of fragments includes all intact or uncut strands. 


(vii) In the figure the mass distributions are obtained by plotting the 
relative mass units (% composition times length) against the unit length 
Of eachitypevof frasment.. (Ca)ex=075.0 Cb) x=2, Ce) exes... 
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As Figure 5.1 qualitatively shows, the amount of parental 
phage RNA recovered from infected cells declines as the infectivity 
of the phage decreases. This is shown in a more quantitative manner 
in Figure 5.3,which illustrates the kinetics of RNA penetration with 
time of incubation; as anticipated, the amount of penetrated RNA decreases 
with decreasing infectivity. Furthermore, the relative difference in 
the amount of RNA injected into cells by the three phage preparations 
examined was maintained throughout the experimental time period employ- 
ed. 

Subsequently, the relative amount of RNA penetration as a 
function of the infectivity of the infecting phage preparations was 
investigated in more detail. In addition, analogous studies were carried 
out with freshly purified, Proitiseidine 1 cbeled phage which had also been 
treated with PacoChAre Cur. A series of phage stocks thus generated 
were used to determine the effect of eeeor bate Cust treatment on A 
protein penetration. The results of these experiments are shown in 
Figure 5.4. Note that the amount of RNA injected into cells by phage 
samples has been expressed as a percentage of the amount injected by 
the untreated preparation (PFU/particle = 1/8), which was assumed to have 
no breaks in its RNA. Additionally, the ratio of the infectivity (PFU/- 
particle) of a particular phage sample to that of the untreated control 
was used to obtain the value Fs, the surviving fraction after ascorbate- 
ar treatment. For ease of later analysis, the percent penetration of 
A protein or RNA has been plotted against the negative log value of Fs 
in, Figure .5:4- 

Clearly, the results show that the relative amount of A protein 


transported into cells remained constant over a Loetold range of phage 
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FIeure <5 The kinetics of RNA penetration of Anterypah 14 lenis inacti- 
vated R1/ phage. 


WP156 bacteria at 4x10° cells/ml £100 ml, CTMM+taa) were infected at a 
MOI’ of 1000 particles/cell with °“P-labeled R17 phage. At different 
time intervals post infection, 25 ml aliquots were poured onto 12 ml 
frozen TMM-Mg for quick chilling. The infected cells were washed 6X 
with cold TMM-Me2t and the volume of all suspensions adjusted to give 
the same Ag5g reading. Three, 1.0 ml aliquots from each sample (about 
4x10° cells) were assayed for radioactivity with 10 ml Scinti Verse. 
Ha Gea ene of infecting phage: (@-@) 1/10, (O-O) 1/1200, ( 4-A) 
1/1x10°. 
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Figure 5.4 The relationship between the amount of RNA or A protein 
penetration and the infectivity of ascorbate-Cu2* treated 
R17 phage. 


A culture of \E.);colieWP156 aty4 x 108 cell/ml (in CTMMtaa) was_parti- 
tioned into 25 ml aliquots and each in turn was infected with ~H-guano- 
sine-labeled or 3H-histidine-labeled R17 phage inactivated to a par- 
ticular PFU/particle value by ascorbate-Cu2 treatment. At 10 min post- 
infection, cells were chilled and washed 6X with TMM-Mg2* as described 
Pb eULe 5ic5 0) LUE apount of RNA penetrated was determined by assaying, 
in triplicate, 4 x 10° .cells infected with 3H-guanosine-labeled phage 
with Scinti Verse. The amount of penetrated A protein was determined 
by applying 109 cells infected with 3H-histidine-labeled phage onto 
paper discs and treating the discs with hot TCA before radioassay was 
carried out. The amount of A protein or RNA penetration was expressed 
as a percentage of the value obtained with the ascorbate-Cu“* untreated 
phage control {PFU/particle ratio = 1/5). (0-0) A protein penetra- 
tion, MOI = 10° part/cell; RNA penetration: (@) MOI = 100 particles/ 
cell, (A) MOI = 800 particles/cell; (—) theoretical curve obtained 

on the premise that one strand break is introduced per 2 lethal hits; 
(---) best fit theoretical curve (see text for details ). 
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infectivities, while the amount of penetrated RNA decreased in a non- 
linear manner. In this and other experiments, the percent reduction 
in RNA penetration was found not to vary with MOIL's between 10 to 

1000 particles/cell. These observations are consistent with a model 
that suggests that the A protein penetrates independently of the RNA, 
or with the "tail model" which envisages the A protein to be physically 
linked to phage RNA and to be responsible for "pulling" intact RNA or 
fragments of RNA into the host cell. Since the latter model predicts 
that the A protein precedes the RNA in cell entry, the amount of pene- 
trated A protein would be independent of the state of fragmentation of 
the RNA. In this respect, the results given in Figure 5.4 are consist- 
ent with the earlier finding (discussed in Chapter III) that A protein 
penetration is unaffected by the degradation of exposed viral RNA by 


ribonuclease in the medium. 


2. Evidence for the Preservation of Secondary Structure in 


Penetrating RNA 


In a system such as the R17 phage where physical breaks have 
been introduced into a linear, single-stranded RNA molecule, a mathe- 
matical equation can be derived to relate the amount of penetrated RNA 
to the average number of breaks introduced per strand if RNA penetration 
follows the first-piece-only model. Assuming that (a) the breaks are 
distributed randomly along the length of the RNA molecule and (b) that 
they are also distributed randomly among the molecule population, the 
trace ron. 2 OL RNA injected by a phage population possessing an average 


of x breaks per genome as compared to the amount injected where x = 0 
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is given by equation (10) (Sharp and Freifelder, 1971): 
P = (1-e *)/x (10) 

The trend followed by the reduction in RNA penetration 
versus infectivity was compared to this mathematical model as follows. 
Firstly, a correct relationship between the surviving fraction, Fs, 
and x, the average number of breaks per RNA that could result in strand 
Separation,must be determined. From the Poisson distribution function, 
the surviving fraction Fs is given by Fs = OT ease step a Xy is defined as 
the average number of fatal lesions received by each potentially infect- 
ious phage. In the case of -OH radical attack on phage, these lesions 
are confined mainly to the RNA and are manifested in the form of strand 
scissions or base alterations. Furthermore, results presented in 
Chapter IV indicate that at least one strand scission is produced for 
every 2 lethal "hits" (lethal hits may also arise from base alterations). 
If it is assumed that the phage RNA unravels and issues linearly from the 
capsid during the RNA ejection step, then every break, regardless of loca- 
tion, should lead to the separation of the resultant fragments. Given these 
conditions, the average number of breaks, Xo» per RNA would be given by: 


=m (0.5) 2-0) log Fs (11) 


p 
By substitution in equation (10), a theoretical function of the forn: 
= 
P= (l-e 2)/x, Gn) 
was plotted in Figure 5.4. It is evident from a comparison of this theore- 
tical curve with the experimental points that the two are not superimpos-— 
able. However, it was found that the experimental points best fit a 


theoretical curve specified by: 


P= (1 - ea) /a (13) 
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where X3 = -(0.26) (2.3) log Fs; i.e., the experimentally obtained 
relationship between the amount of penetrated RNA versus phage in- 
fectivity reflects a situation where one out of 3.8 fatal lesions 
(or approximately 1 out of 2 strand breaks) constitutes a lethal 
break that gives rise to strand separation. 

It becomes evident, from a comparison of the theoretical pre- 
dictions and the experimental results, that not every break necessarily 
gives rise to strand separation. This is inconsistent with the premise 
that the phage RNA is ejected or pulled out of the capsid in a linear 
fashion, but suggests a new hypothesis in which phage RNA would uncoil 
only partially during ejection and penetration, and retain some of its 
secondary structure in the form of intra-chain base pairing. Scissions 
located in single-stranded regions or regions that become single-stranded 
during RNA penetration would cause separation of fragments, while 
scissions located within base-paired regions would not, Pee the poten- 
tial fragments would be held together by intra-chain hydrogen bonding. 
Such breaks would be expected to enter cells as "hidden" breaks. 

Since equation (10) is based on the assumption that every 
unit in a linear strand has an equal chance of being cleaved and since 
the experimental results in Figure 5.4 are consistent with this function, 
it can further be concluded that the regions in R17 RNA which can give 
riseto breaks that lead to strand separation are probably spaced approx- 
imately equidistant from each other and are equally accessible to +OH 
radical attack. In contrast to the foregoing, a biphasic mode of pene- 


tration would have been obtained in the plot of percent RNA penetration 


versus phage infectivity, if susceptible target sites were clustered 
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in one half of the RNA molecule, or in certain "hot spots". Under 
this hypothetical situation an initial rapid rate of decrease in RNA 
penetration would correspond to strand separation occurring primarily 
at the "hot spots", while a second slower rate of decrease would be 
seen as other points along the proximal end of the RNA cleaved. 

The results of the foregoing experiment were therefore 
interpreted as being consistent with the first-piece-only injection 
model, providing the qualification is made that only about 50% of the 
breaks introduced into the phage RNA give rise to the separation of 


resultant fragments during the enjection process. 


3. Characterization of the Structural Integrity of Penetrated 


The preceding analysis of the relative amounts of RNA injected 
by phage preparations of differing infectivities predicts that hidden 
breaks will be found in the heterogeneous population of phage RNA frag- 
ments recovered at early times from infected Drees This prediction 
can be verified by analyzing the recovered fragments under denaturing 
and normal conditions of gel electrophoresis. The rationale is that, 
under denaturing conditions, fragments formerly held together by base- 
pairing will be separated and a shift toward lower weight-average 
molecular weight values should be seen for a given set of fragments. 
Such an experiment was carried out as described below. 

A are aneled phage preparation was subjected to the ascorbate- 


ee treatment (PFU/particle ratio = 1.7 x 10°), then used to infect 


host bacteria for 5 min at a multiplicity of 1000 physical particles/cell. 
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Following the removal of extracellular phage as described in 
Materials and Methods, the penetrated RNA was isolated by phenol- 
SDS extraction, then analysed by polyacrylamide gel electrophoresis 
under benign and denaturing (8M urea, 60°) conditions as described 
in Materials and Methods. In both instances, undegraded, 3y-labeled 
28S phage RNA was included as an internal marker. The results are 
shown in Figure 5.5. 

Panel A in Figure 5.5 shows the size distribution of the 
penetrated RNA under non-denaturing conditions. It may be seen that 
a significantfraction of the RNA behaves as intact 28S RNA, and that 
the smallest RNA fragments migrated about 3/4 of the distance along 
the acrylamide gel column. As seen in panel B, on the other hand, 
electrophoresis of the penetrated RNA under denaturing conditions 
resulted in a marked decrease in the amount of 28S RNA, and a marked 
increase in the amount of small RNA fragments migrating towards the 
very end of the gel. It is to be noted that similar results were 
obtained with other phage preparations having higher and lower PFU/ 
particle ratios. From these observations it was concluded that 
"hidden" breaks do exist in the penetrated RNA and that they are prob- 
ably stabilized by intra-chain base-pairing. It follows from this 
that phage RNA probably retains some of its secondary structure during 
its ejection from the virion and subsequent transfer into the host 


bacterium. 


4, Characterization of Partially Empty Capsids 


Although the foregoing observations are all consistent with 





the concept that partial RNA injection occurs when phage preparations 
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Bigure.5.5 Analysis of penetrated phage RNA by polyacrylamide gel 
electrophoresis under non-denaturing and denaturing con- 
ditions. 


A 32p_labeled phage preparation was subjected to ascorbate Cu2*+treat- 
ment (PFU/particle ratio = 1.7 x 10 ~), then used to infect a log- 
phase culture of E. coli WP156 (4 x 108 cells/ml) for 5 min at a 
multiplicity of 103 particles/cell. Following the removal of extra- 
cellular phage as described in Materials and Methods, 3y- guanosine 
labeled R17 (PFU/particles = 1/10) was added to the washed cells and 
total RNA extraction carried out by SDS phenol. The isolated RNA was 
analyzed in (A) uniform phosphate-buffer gels at 4° and in (B) 8M 
urea gels at 60° as described in Materials and Methods. 
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containing fragmented genomes are used to infect cells, a further experi- 
ment was designed to provide additional evidence Supporting this mode 

of RNA penetration. The experiment was based on the expectation that 
partial injection of RNA would result in the formation of partially empty 
capsids which should be separable from intact or completely empty virions 
by sucrose density gradient centrifugation techniques. A purified phage 
Preparation labeled in the capsid proteins with 255 and in the RNA with 
H-guanosine was subjected to eeorpatelcn | treatment to produce phage 
Preparations having PFU/particle ratios ranging from 1.7 x Toms (un- 
treated control) to 6.3 x 108. Each phage preparation was exposed to 
Sensitive bacteria for 40 min at 37° at a multiplicity of 100 physical 
particles/cell (these conditions were chosen to maximize the formation 
partially empty capsids). After removal of cells from the medium by 
centrifugation, the supernatant solution was concentrated by Amicon 
ultrafiltration and subjected to sucrose density gradient centrifugation. 
The collected fractions were counted for ae and Pee radioactivity, and 
the results were plotted as hour IeeLeoure 5.67 

Panel F in Figure 5.6 shows the radioactive profile obtained 

with intact phage particles (at all PFU/particle ratios used) which had 
not been exposed to host bacteria. Panel G shows the profile obtained 
when each of the phage preparations exposed to host bacteria were sub- 
sequently treated with pancreatic ribonuclease. This treatment resulted 
in the complete degradation of phage RNA in about 90% of the particles 

to give rise to completely empty 42S capsids and highly degraded phage 
RNA. The small fraction of RNase-resistant particles remaining in the 


78S position represents the class III particles which have been shown 
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Figure 5.6 Sucrose gradient analysis of eucarbatenCu  ireaeed R17 
phage particles following incubation with host bacteria. 


Freshly purified *H-guanosine labeled phage (PFU/particle = 1/5) and 
35s-labeled phage (PFU/particle = 1/6) were combined together to give 
35S-cpm/"H-cpm ratio of about 0.5; the mixture was treated with 

ascorbic acid and Cu as described in Materials and Methods to prepare 
phage populations possessing the PFU/particle ratios given in the “figure. 
The phage preparations were then used to infect 100 ml log-phase cultures 
of E. coli WP156 (ia 108 cells/ml) in CTMM (+0.05% casamino acids) at 

a MOI of 100 particles/cell.) After incubating the cultures for 40 min 

at 37°, the cells were chilled and pelleted by centrifugation. The 
remaining supernatant solutions were concentrated by Amicon ultra- 
filtration, after which 0.2 ml of each concentrate was subjected to 
sucrose gradient sedimentation analysis. Centrifugation was carried 

out at 45,000 rpm (SW50.1 rotor) for 80 min at 4°, and 15 drop fractions 
collected and assayed with Scinti Verse. Panels A-E show the radio- 
active profiles of phage particles remaining in the culture medium 
following exposure of each of the phage preparations to host bacteria. 
Panel F shows the radioactive profile obtained with intact particles 
which had not been exposed to host bacteria. Panel G shows a typical 
profile obtained when each of the phage preparations exposed to host 
bacteria was in turn incubated with pRNase (100 ve/mi)jo ter 30 min at 3 jae 


355 CPM X 102 (++) 
























7 | 14 
S PEGE of REO Re -4 he 
“ Panicle! Mee PORIAGlemuame 10 
4 8 
3 6 
2 4 
! 2 
7 14 
6 12 








PFU 
Porticle 








PFU 
Particle 





= 3.0 x10 2 =6.3x10 8 









F (control) 










PFU 
Particle 


PFU 


P it 
a Et a 1 
Particle sala 





=4.2x10°> 





3H-Guanosine CPM X10 2 («-») 


(RNase treated) 





16 
7 14 
6 12 
5 10 
4 8 
3 6 
2 4 
! 


FRACTION NUMBER 


y - iF 
comp 
1 \ 1 % “4 - 
7 
‘ 
f 
— = ad _ ne 
' 
‘3 "a en 7 9 
1 ' i 6 
















s iy . 
| 
; 4 Ld 
. 4 ste a ? , va — 
' ty J : i _ sf = Pi? 
: - . 7 7] e 7 
t | ~« A are | ; oo Soc cath 7 
; ~~ é , er | “ 
ae ' ‘ 
: . ) / Led * f rales | 
j ; ine 
fe te wf ice td abe 
> TRS me Pe. poda-te 
» a ’ ed 7 
7 Z ti), ano or t4e) Ome 
i P 1 i} ‘ r aF ink én vis 
de wh wierd it. Tie 
art > pe L, Min Sl tre 
p ete teas Before se 
J (rd Mygee erg] Bee ore ted 
ie 40, Se Gree Cee 
= de *% +. a9 a ae a “5 ~~ “ ; ae 2 ss ns ih 7 ae to- 
. ae he es hines® Seale 
ee retione te lsuat. peatee 


: om 2 thn! 6", tecedk particeee 
; | Lo | am °: Reman @ chins . ie 

ih» | . | ie gapoaed 00 hog 

ese 4/00, d22 30 wiaeee 
‘ + a . 





7 
- 


tovlack the A protein (Krahn & Paranchych, 1971). It is to be 

noted that phage particles become sensitive to ribonuclease treat- 
ment only after having been exposed to host bacteria (Paranchych 

et al., 1970). Panels A-E in Figure 5.6 show the radioactive 

profiles of the phage particles remaining in the culture medium 

after exposure of each of the phage preparations to host bacteria 

(no ribonuclease). On visual inspection of the 35.57/34 eae Omoss 

each fraction, it may be seen that partially empty capsids were 
produced under these conditions, and that the amount of RNA re- 
maining in the partially empty capsids increased with decreasing 
levels of infectivity. In other words, as the PFU/particle ratio 
decreased from 1.7 x 108 Pogo sex tne the average sedimentation 
coefficient of the slower-sedimenting capsids gradually shifted 
towards the 78S value, while the ratio of 39.634 counts gradually 
decreased. Moreover, it is evident from the differing ratios of 

os) a radioactivity within each region of slowly-sedimenting par- 
ticles that the partially empty virions display considerable hetero- 
geneity with respect to their RNA content. The preceding observations 
are, therefore, Cenaterene with the partial injection model of RNA pene- 
tration, and provide further evidence that the average size of the pene- 
trating RNA fragments decreases as the number of breaks per RNA genome 
increases. 

The foregoing experiment was also carried out using CsCl 
density pee analyze the partially empty capsids. The 
rationale for examining the isolated phage particles in CsCl grad- 
ients was based on the fact that a different physical parameter is 


measured by this technique. Sucrose gradients separate particles 
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Figure 5.7 CsCl isopycnic analysis of Seopa rectal treated R17 phage 
particles following incubation with host bacteria. 


An experimental protocol identical to that described in Figure 5.6 was 
followed except that CsCl gradient equilibrium centrifugation was carried 
out after 2.4 g of CsCl was dissolved in 4.0 ml of concentrated super- 
natant. Equilibrium centrifugation was carried out at 5° and. 35,000 

rpm using the SW50.1 rotor. At the end of 18 hours, the cellulose nitrate 
tubes were pierced at the bottom with a hollow needle and 12 drop 
fractions were collected into scintillation vials containing 1.0 ml H90. 
Radioassay for 355 and 3H radioactivity was determined after the addition 
of 10ml Scinti Verse to each fraction. (A) phage particles before being 
exposed to sensitive bacteria, (B-F) phage particles in supernatants re- 
covered from infected cultures. (G-H) particles from B and E respectively 
analyzed with intact 32p_labeled R17 phage which had not been-exposed to 
cells. Buoyant density in (A) was determined refractometrically. 
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on the basis of size (MW) and shape (frictional coefficient) while 
CsCl gradients separate species on the basis of buoyant density. 
Since the density of the gradients used in this work normally 

varied from 1.54 g/ml at the bottom to 1.37 g/ml at the top, free 

RNA which possesses densities usually greater than 1.6 g/ml would 
band at the bottom of the gradient, while proteins, which as a group 
possesses densities less than 1.37 g/ml, would be found at the top 

of the gradient. For R17 phage with a normal buoyant density of 

1.46 g/ml, a loss of some protein components may cause a shift toward 
greater densitites while a loss of part of its RNA may result in a 
shift toward lower densities. It is pertinent to note that altered 
phage particles may undergo a change in sedimentation velocity but not 
necessarily in buoyant density (O'Callaghan et al., 1973a; Verbraeken 
and Fiers, 1972). 

The protocol for preparing supernatants for CsCl gradient 
analysis was identical to that described previously except that a dif- 
ferent 336 and See uangeine labeled R17 phage series were used. Equil- 
ibrium centrifugation was carried Be AE al was dissolved in 4.0 
ml of concentrated supernatant to give a final solution with a uniform 


density of 1.42 g/ml. 


The results of the radioactive assay of the gradient fractions 


are illustrated in Figure 5.7. In each gradient, the 33 6 facial aa 


ae) 


ratio of each fraction was also plotted. Panel A shows a typical profile of 


radioactivity for particles of any infectivity before exposure to 
sensitive cells. Panels B to F display the profiles of the particles 


recovered from the supernatants of cells infected with phage stocks 
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with PFU/particle ratios ranging from 1/8 to 1/4 x 10°, In 


Situation (B) where cells were infected with phage of optimun in- 
fectivity (PFU/particle = 1/8), about 40% of the phage population 

had injected all or most of their RNA. These empty capsids are 
located in the top fractions of gradient B. It may be seen that 

the remainder of the particles retained all or most of their RNA 

and banded at a density of 1.46 g/ml. This latter conclusion is 

more clearly discerned in gradient G where the same particles from 

B were analyzed with an internal normal phage marker. This large 
peak is composed mainly of inert Class III particles and Class II 
particles which had undergone the RNA ejection step, lost their A 
protein component but which had retained the bulk of their RNA. If 
panels B to F are scrutinized carefully, it is seen that the data are 
again consistent with that expected of a partial injection mode of 
RNA penetration; i.e., as the average number of breaks introduced per 


genome increases, the fraction of the RNA left in the capsid also in- 


creases. Concomitantly the average buoyant density of partially empty 


capsids underwent a shift from 1.29 g/ml (density of empty capsids) 


(Hohn and Hohn, 1970) to values near that of intact phage. The presence 
of partially empty capsids in cell-exposed phage preparations are more 


easily seen in gradient H where particles from E have been analysed with 


an intact phage marker. The greater skewing of the RNA peak towards 
lower densities in H as compared to G is due to the presence of more 


partially empty capsids in E than in B. 
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Due to the heterogeneity of the size of the RNA fragments 
injected, partially empty capsids of all intermediate densities 
should be found in every gradient except perhaps B where the major- 
ity of particles injected only intact 28S RNA. The mass dis- 
tribution of partially empty capsids would thus depend on the infect- 
ivity of the parental phage. The above statement is also supported 
by the pattern of the 395/34 ratios plotted for each sample. These 
show that the asymptotic nature of the curves is precisely the type 
expected from an in vivo system in which scissions and strand separa- 
tions may occur in any number of locations on the single-stranded 
RNA; i.e., as the size of the RNA fragment retained by the capsid 
approaches zero, the eo gion ratio tends to infinity. 

Finally, the low level of Heed seed ey found at the 
bottom of the gradients indicates that insignificant amounts of free 
RNA were released into the medium during cellular infection. This 
further supports the interpretation that RNA fragments were injected 
into cells and not released haphazardly from fragmented genomes. It 
could also be stated with confidence that the RNA banding between the 
top of the gradient and the position of normal phage must be associated 
with intact phage capsids and not with capsid subunits because the 
Sucrose gradient results had indicated that the coat protein label sed- 


imented as a homogeneous 42S peak after RNase digestion of any cell- 


exposed phage sample (Figure 5.6 G). 


5. Polyacrylamide Gel Electrophoretic Analysis of RNA Isolated 
from Partially Empty Capsids. 


To further demonstrate that RNA fragments were encapsidated in 


ms ical ‘'5 7 
i [a - ant cas 


ea 7 fi 
Me ; yar vat 


i - 






























a 


etitoneard AMY oly Po: Belle add to esiondgoaiiad fata CP pot, ne ; 
smite At eayst ig Fhomtedied Lie 20 ‘e Cant glletrreg bape ab # ne 
it) ately & ae Gyey Ge ‘othe ww crave ai bewei ot Sdweite ¥ 
‘i 7A G8 scant ving bodeetal wilted 74 on wat 
: bs jpg ahbeess ~tgnre, I Tessiag + morse 
Gi (wie ae. wy odes 7 ~gad@- fagrtong ond dogs. 

a 

a lipo tide 4 Ogu nc W°\2"" ate to ore sieg aie 
su) Ted cai 10 wiwdam oPaebgnged ody gens 
woitstle foe «a ate si0¢m wie cl. a9 wort bas 


De ee dL t r a, 5s = rl m~ FRB id 30d Yan * 


f/f 


nae Te 20 pore i i rey iid oS? sate af 3 oi pretest th _ : 


Beg he 
in} wa ples) wtevae NV wii (3es sodngd 
> k os rc p 
been le boves web at? 4g liaars $a 
. ‘oellglt acagéio te odd Ae mie 
b Reibaw of? oank paseatlorews 
j ; j jms rik ‘eugingnleaty Pe bee! is ja tor 


i 1angad panentin. 6G Nn 2: Lage 

vruelD ina vhs 3 ras tbh Das sate wl Oale bine 

y te ned Pipa wd ae srs Fhatg a ti 

“34 wait { i pe H22lW 900 Bte edges. 6 ipa, mh 


wives pat ah4°6074' dunn orn geds hedaindial ted aitoaws inakoem © 


Reamad wv ad tills ell eh, edie ane ane: ‘aad 


124 


particles of intermediate buoyant densities, the fractions from a 
CsCl gradient such as those delineated in Figure 5.6 H were combined 
into 2 aliquots and labeled as heavy and intermediate particles. 
These two fractions were dialyzed and the RNA isolated and analyzed 
by polyacrylamide gel electrophoresis. The distribution of the RNA 
isolated from the parental phage (PFU/particle = 1 x Lome) and for 
the heavy and intermediate particles in a corresponding CsCl gradient 
are plotted in panels A, B and C in Figure 5.8 respectively. Since 
the heavy particles possessed a density similar to that of the paren- 
tal phage, they were each expected to encapsidate a full complement 
of RNA and yield the same set of fragments upon separation of the 
isolated RNA by gel electrophoresis. This is shown by the profiles 
of radioactivity illustrated in A and B. The intermediate particles 
on the other hand were of lower densities and should contain a pre- 
ponderence of RNA fragments. In panel C, the amount of intact 28S 
phage RNA is much reduced as compared to that observed in A and B, 
and a definite bias toward smaller RNA fragments is displayed by the 
distribution shown. This finding, therefore, strengthens the concept 
that many of the phage particles of intermediate densities had under- 


gone partial ejection of their genomes. 


6. Evidence for the Loss of Coat Protein Subunits from Eclipsed 





Particles 
F SE F Fey: soot ay . 
The ratio of S/~H radioactivity in intact phage preparations 
(prior to interaction with host cells) employed in the experiments des- 


cribed in Figure 5.7 was found to be 0.19. Upon interaction with cells, 
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32p-cPpM x 10° 





10 20 30 40 50 60 70. 80 
a SLICE NO. us 


Figure 5.8 Polyacrylamide gel electrophoresis of RNA isolated from 
particles bending in heavy and intermediate regions of a 
CsCl gradient. 


Ee colt WP156) cells (4x 108 cells/ml) in CTMM + 0.05% casamino acids 
total volume = 1.2 1) were infected with 32p_labeled phage (PFU/ 

Particle = iia > 105) at’ a MOL of 10° particles/cell for 40 min. After 
bacteria were removed by centrifugation, the supernatant was concentra- 
ted to about 10 ml and 4.0 ml were subjected to CsCl gradient equilibrium 
centrifugation as before. The fractions corresponding to the heavy and 
intermediate regions of the gradient (similar to the positions delineated 
in Figure 5.7 H) were pooled and jpalyzed against.04OLeIris «(pHts.s3)5 0.01 M 
KCL, .and-0.005-MaMcCh. © SAboutietG unlabeled phage particles were added 
to each dialyzed sample as carrier and RNA extraction was carried out. 
The isolated phage RNA was analyzed in exponential gradient gels as 
described in Materials and Methods. (A) Profile of RNA fragments 
isolated from the phage preparation prior to cell exposure. (B) Profile 
of RNA isolated from cell-exposed particles binding in the "heavy" 

region of the CsCl gradient. (C) RNA profile of cell-exposure particles 
banding in the "intermediate" region of the CsCl gradient. 
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as much as 40% (in the case of untreated phage) of the RNA is 
injected and this leads to an increase of the overall ratio of 
S25 2epm/si-cpm in the phage population recovered in the super- 
natant to approximately 0.28. The increase in the case of 

Beta Perce tioaerreaved phage is somewhat less depending on the 
amount of RNA injected. Since it was generally believed that no 
coat protein is lost from virions during the injection process 
(Edgell and Ginoza, 1965), it was anticipated that the ratio of 
355/34 radioactivities would never fall below the value of 0.19 

found with intact phage. However, as may be seen in Figure 5.7B 
through 5.7F, the 26 /au ratio of the cell-exposed phage particles 
banding at or near a density of 1.46 iene was consistently lower 
than the anticipated value of 0.19 (values ranged from 0.16 to 0.18). 
This implied that part of the phage capsid had disappeared from the 
virion, and suggested that some coat subunits may dissociate from the 
virion during the RNA ejection step of the infectious process. It is 
to be noted that some peswcadiagcriyity is removed from the phage 
particles as a result of the ejection of oat ai ated A protein. How- 


ever, this represents approximately 0.5% of the dase adi oa belly bey. and 


is therefore of minor importance in the foregoing considerations. 


Since the possibility of coat protein loss during RNA injection 


represented a significantdeparture from the accepted point of view, 

additional experiments were carried out to examine this apparent new 

phenomenon in a more quantitative manner. The experiment described in 
35 


Figure 5.7 was expanded to include an analysis of the s/7H ratios in 


the overall phage population remaining in the culture medium after re- 
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moval of infected cells, but prior to fractionation of the phage 
by CsCl density gradient centrifugation. The results of this 
portion of the experiment are shown in Table 5.1 

oe 


The S/H ratios of each of the phage suspensions B to 


F can be calculated from the equation: 
a 


35./3 . 
Se ae 


F (14) 


Here "a'' represents the asi ratio which would be obtained if 


phage particles having interacted with sensitive bacteria did not 
inject any RNA. Thus, in the case where no coat protein is lost 

"a" would be equal to 0.19. On the other hand, in the case where 

M02 of the coat proteinsis lost, “a' would be equal to 0.17. “b" 

is the fraction of the overall RNA injected into cells by phage 

with undegraded genomes (supernatant B). For example, the value "b" 
was determined by calculating the fraction of the total oe radio- 
activity that had banded in the top 5 fractions of gradient B in Fig- 
ure 5.7. It was found that 0.40 of the total coat label can be con- 
sidered to exist in the form of empty capsids indicating that 402 of 
the total RNA in the particles recovered in supernatant B had been 
injected into cells. P represents the amount of RNA injected by a 
phage sample (derived from eee” treatment) and expressed as 
a fraction of the amount injected by the control (undegraded phage). 
The fraction, P, for each of the phage stocks used in experiments B 
to F (Figure 5.7) was obtained for any given Fs value from the "best 
fit" theoretical curve shown in Figure 5.4. Column 5 in Table 5.1 
lists the theoretical ratios predicted by equation (14). These 


values were calculated on the assumption that the integrity of the 
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TABLE 5.1 


35 


A Gomparison of the S-CPM/*H-CPM Ratios of Cell-Exposed R17 


Particles to Their Calculated Values 





p- 35 S-CPM/ : H-CPM 


Expected if] Expected if an 


Fraction of capsids re-'\av. 10% of each 
supernatant | -logF, (b)|RNA injec- Observed | main intact|capsid were 
(a) ted (c) lost to cell 
pellet 


B 0 1.00 0.28 0.28 
C 0 0.66 O23 0.23 
D 1393 0.58 Gez2 Or22 
E 4.10 O2357 0.20 0.20 
F Seley) 0.28 0.18 Oso 





(a) The letters refer to the supernants obtained under experimental 
conditions described in Figure 5.7. The 355 and 34-guanosine radio- 
activities in R17 phage populations were assayed following interaction 
with host bacteria and subsequent removal of infected cells from the 


culture medium by centrifugation. 


(b) Fs = PFU/particle ratio of peccr bate: Coan treated phage 





PFU/particle ratio of untreated phage 


(c) derived from best-fit curve of data presented in Figure 5.4. 
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phage capsid was maintained throughout the process of RNA pene- 
tration (a = 0.19). In colum 6, the 275 /°H ratios have been 
calculated on the assumption that 10% of the capsid proteins from 
each particle had become associated with the cell pellet. A com 
parison of the calculated ratios with those obtained experimentally 
indicated that the approximation of a 10% loss of coat protein 

from the virion was in close agreement with the actual values 
found. It was concluded, therefore, that the RNA ejection pro- 


cess is probably accompanied by a loss of about 10% of the viral 


capsid. 


7. Polyacrylamide Gel Electrophoresis of Total Proteins 


Isolated from Cells Infected with 356 1 abeled R17 


If coat protein subunits were separated from the main capsid 
structure during RNA ejection and penetration, then they must either be 
released into the medium or become cell-associated by way of penetration 
into cells or adsorption to F-pili. Since the sucrose gradients illu- 
strated in Figure 5.5 revealed insignificant amounts of ves lapal at 
the tops of the gradients, it was concluded that few coat protein sub- 
units appear to be released into the medium. In an experiment where 
cells were infected at a MOI of 100 particles/cell with Ph sns beispateys 
phage, then exhaustively washed afterwards, a counts equivalent to 
2-3 particles were found to be associated with each cell. In order 
to distinguish between 274 Pateled A protein and SS et eneden coat sub- 
units, the total proteins of the washed cells were analyzed in SDS 
polyacrylamide gels. In Figure 5.9, panel A, the coy eneted A and 


coat proteins from whole particles have been electrophoresed with an 
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Figure 5.9 Polyacrylamide gel ee OF total proteins extracted 
from E. coli WP156 infected with S-labeled R17 phage. 


E. coli WP156 cells (in 25 ml CTMM + 0.05% casamino acids) were infected 
at 4x 108 cells/ml with freshly purified, 35S-labeled R17 phage at a 
MOI of 100 particles/cell for 40 min (37°). The cells were then chilled 
and washed 6X with TMM(-Mg2t) to remove extracellular 35S-label as 
described in Materials and Methods. The final cell pellet was resus- 
pended to a density of 1 x 107 cells/ml in a solution containing 0.0625 
M Tris-HCl (pH 6.8), 2% SDS, 10% glycerol, 5% 2-mercaptoethanol and 
0.001% bromophenol blue. For a control, uninfected WP156 cells were 
suspended to the same density in the preceding solution and S-labeled 
R17 phage added to a final concentration of 4 x 1011 particles/ml. The 
two cells suspensions in pyrex test tubes were then immersed in boiling 
water for 7 min, cooled and 0.5 ml from each subjected to electrophoretic 
analysis in the Laemmli gel system. In this application, gels were 
sliced into fifty, 1.67 mm wide discs and two slices were treated and 
counted per scintillation vial. The details of the methodology are given 
in Materials and Methods. (A) Control; (B) 35S-labeled material from washed, 
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amount of E. coli protein equivalent to that included in B. Al- 
though some trailing of the coat protein occurred, the A protein peak 
Was adequately resolved from thateof the coat. A. summation of the 
counts in the gel showed that the A protein So era OAC Ret Ey con- 
stituted only about 1% of the total radioactivity in the gel. In 
panel B, the total proteins from six times washed infected cells were 
analyzed. It may be seen that about 3/4 of the rots radioactivity migra- 
ted with the mobility of coat protein molecules; the rest of the ce 
labeled material found in the gel probably correspond to 22 eee ed A 
protein and A protein fragments that were reported byekKrahbneeteal. (1972) 
to penetrate cells. The implication of this finding is that coat protein 
Subunits appear either to have penetrated into cells infected with phage 
or to become tightly associated with them. This finding thus provides 
additional support for the concept that a small amount of coat protein 
accompanies the RNA and A protein during the ejection step of the infect- 
ious process. 


8. The Formation of Partially Empty Capsids in Infections Carried 


+ 
Out in the Absence of Me- 


It is well known that divalent metal ions are required for phage 








RNA penetration but not for the adsorption and ejection (phage eclipse) 
steps (Paranchych, 1966). Silverman and Valentine (1969) in turn had 

shown that in most cases RNA is unable to be ejected from its capsid in 
cellular infections carried out in the presence of EDTA, although the 

RNA is rendered RNase sensitive as a result of the interaction of phage 
with host bacteria. These workers also reported that a small fraction 
of the input RNA remains bound to the cell, is sensitive to RNase, and 
is removed from the cell by treatments which remove f-pili.. Due to. the 


low levels of radioactivity present in their samples (200-300 cpm's), 
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they were unable to characterize the desorbed phage particles or 
cell-bound RNA in any great detail. The possibilities were raised, 
however, that in the absence of divalent metal ions some intact RNA 
molecules are able to dissociate from capsids or that fragments 
remain attached to F-pili after the desorption of phage. It 

was decided that further information might be gained by reexamining 
the phenomenon using the protocol and techniques described earlier 
for the characterization of partially empty capsids. 

Host bacteria were first incubated for 40 min at 37° with 
ee iabeled R17 phage at a MOI of 100 particles/cell in the presence 
and in the absence of eon After cells were removed by centrifuga- 
tion, the desorbed particles in the supernatant medium were concent rat- 
ed by Amicon ultrafiltration and suitable aliquots were analyzed by 
Sucrose and CsCl gradient centrifugation as described in Materials and 
Methods. 

The results of the sucrose gradient analysis are shown in Big— 
ure 5.10. Under control conditions in which Mean ions were present in 
the medium, the sedimentation pattern of the eclipsed geo tan aied par- 
ticles was similar to the profile given in Figure 5.6 A. and to that re- 
ported by Paranchych et al. (1970). Not present in the previous examples 
but included in this control was an internal 78S phage marker which 
clearly brought out the shift to a lower S value of the main peak. 

This shift was quite expected since eclipsed Class II particles (the 

main component in the large peak) are considered to have lost their A 
protein, some coat monomers and perhaps a fragment of RNA are a result 
of the RNA ejection process. In the lower panel of Figure 5.10 A, the 
same infection carried out in the absence of ee resulted in the abo- 


lition of material sedimenting in the 42S-60S region of the gradient. 
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Figure 5.10 Sucrose gradient analysis of phage R17 particles exposed 
to sensitive host bacteria in the absence of free Me-- 
(A) EB. coli WeI56 cells (in 100 ml CTMM-aa) were grown up to 1x 10° 
cells/ml and EDTA added to a final concentration of 10 mM, five min 
before phage infection. The cells were infected at a MOI of 100 
particles/cell with 35s-labeled phage for 40 min. The 4Mg2? control 
infection was carried out under similar conditions except that EDTA 
was not included. After cells were removed by centrifugation, and 
the supernatant concentrated to,10 ml by Amicon ultrafiltration Olen 
of the concentrate (containing ~H-guanosine labeled phage as a marker) 
were layered onto a 5-20% sucorse gradient (made up with SSC). Centri- 
fugation was performed at 45,000 rpm (SW 50.1 rotor) at Lf ore lelies 
Collection and radioassay of fractions were carried out as described in 
Materials and Methods. (B) the experiment was repeated using WS 
labeled R17 phage ( @-@). The Amicon concentration step was omitted. 
(O--©) control: A similar concentration of 32p phage in CTMM-aa was 
incubated at 37° for 40 min’ in the presence’ of 10 mM EDTA but in the 
absence of cells. Sucrose gradient centrifugation was carried out at 
45,000 rpm for 80 min. The figure represents a superpositioning of 
the results from two gradients. 
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indicating that little, if any, RNA ejection had occurred. This 
latter experiment was repeated using R17 phage labeled in the RNA 
with op, The concentration step involving Amicon filters was 
omitted to avoid losing any small molecular material. The sucrose 
gradient results shown in Figure 5.10 B indicates that the exposure 
of cells to phage in the absence of Rect results in the release of 
some RNA fragments which remain at the top of the gradient. 

CsCl density gradient analysis of the above pesel abeLed 
supernatants yieldedsimilar and more detailed results as shown in 
Figure 5.11. As can be discerned in the figure, the number of empty 
capsids banding in the top 2 to 3 fractions of the gradient is drastic- 
ally reduced in the infection carried out in the absence of free spe 
Interestingly, the recovered 22 o=iahbled capsids appear to band at den- 
sities between 1.46 and 1.40 ee. 

The near absence of empty capsids in the minus ee Ssuper- 
natants as seen in both types of gradients confirms Soren and 
Valentine's earlier finding that Mea or other divalent metal ions are 
required for the complete uncoating of phage RNA during the ejection 
process. If the RNA was only partially extruded from phage capsids, 
CsCl results would have shown a single peak banding at the same den- 
sity as the marker phage. The appearance of particles at intermediate 
densities (between 1.46 and 1.40 e/eaia) further indicates that a limited 
ejection of a varying portion of the viral genome might have occurred 
in Econ infections and that such protruding segments of the RNA were 


removed either by mechanical shear or by enzymatic activity. It is of 


LA fi) 


interest to note that the distribution of partially empty capsids illustra- 


ted in the lower panel of Figure 5.11 very much resembles the distribu- 
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Figure 5.11 CsCl gradient analysis of R17 phage exposed to host cells 
in the absence of Mg2t, 


isopycnic analysis of the 35S-1abeled phage particles obtained as des- 
cribed in Figure 5.10 A was carried out by dissolving 2.4 g CsCl in 
4.0, ml concentrated supernatant (with added 2H-labeled intact phage) 
and centrifuging at 35,000 rpm (SW50,1 rotor) at 4° for 18 hrs. The 
radioassay of collected fractions was performed according to procedures 
described in Materials and Methods. 
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tion eiven in Figure 5.7 H. In the latter experiment, the partially 
empty capsids were produced as a result of fractional RNA injection; 
for the ascothatesCu- ereared phage in question, the amount of 
injected RNA is equal to 37% of that injected into cells by an un- 
treated control phage. In contrast, penetration studies showed that 
the amount of RNA injected in the presence of 10 mM EDTA (MOI = 

100 particles/cell) is less than 3% of the amount injected by phage 
in Meas infections. Therefore most of the RNA fragments that are 
produced in minus-Mg-* infections must have remained outside the 
cell. As shown in Figure 5.10 B some of the fragments were released 
into the medium while the remainder may have adsorbed to F-pili as 


reported earlier by Silverman and Valentine, (1969). 


C. Discussion 
1. Implications of the Possible Loss of Coat Protein Subunits from 


the Capsid During RNA Penetration 


Although the evidence Supporting the hypothesis that some of the 











coat protein subunits detach from the phage capsid just before or during 
RNA ejection may not yet be entirely convincing, it does offer certain 
insights into the behavior of phage RNA under various conditions of in- 
fection. Before exposure to sensitive cells, all 3 types of particle 

in a phage preparation are resistant to RNase. Class III particles re- 
main so even after exposure to cells (Paranchych et al., 19703. Krahn 

exc ren rea ciyene 1971). If nonpermissive RNase I bacteria are infected 
with RNA phage containing an amber mutation in the A cistron, defective 
particles are eeeemnied which lack the A protein component and carry a 


full size strand of RNA, part of which is protruding from the capsid 
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(Heisenberg, 1966, 1967; Argetsinger and Gussin, 1966). Incubation 
with RNase will remove only the protruding piece of RNA while the 
RNA within the particle remains resistant (Argetsinger and Gussin, 
1966; Lodish, 1968a, b). The simplest explanation that can be 
advanced to account for these phenomena is that RNase molecules can- 
not pass through an intact phage peers to degrade the RNA. If the 
RNA ejection step were to involve the concomitant detachment of a 
coat protein aggregate such as an 11S unit containing 18 copies of 
coat protein (O'Callaghan et al., 1973b), then an opening would be 
created through which RNase molecules could pass. In this way RNA 
remaining within Class II particles as a result of an abortive RNA 
ejection event or within Class I particles following partial injection, 
would be rendered vulnerable to RNase degradation. 

One of the early concepts of RNA ejection predicted that the 
viral RNA unravels and issues forth through a hole in the hexagonal 
net in a linear manner. However, the results presented here, and those 
of Lupker and co-workers (1973) have indicated that the RNA retains 
part of its secondary structure during the ejection process. The pre- 
sence of folded regions in the RNA would confer a greater cross section- 
al area to the emerging RNA which would be incapable of passing directly 
through the coat protein net. On the other hand, the creation of a 
large hole in the net as the result of the detachment of an aggregate 
of coat protein would allow the folded RNA to pass easily through the 


capsid wall. 
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2 sThe Implication of Secondary Structure in RNA Penetration 


As was pointed out in the introductory chapter, several 
working models have been advanced to explain the mechanism of trans- 
port of both phage RNA and A protein along the F-pilus and into the 
host cell. The two most ob vias possibilities are (a) that the RNA 
and A protein are in some way transported through a hollow core of 
the F-pilus, or (b) that the RNA and A protein remain anchored to 
the exterior surface of the pilus and are transported to the cell 
surface either by pilus retraction (Novotny & Fives-Taylor, 1974) 

Or sliding filament (Brinton, 1971) mechanisms. 

The preceding two possibilities can be distinguished on the 
basis of a retention or nonretention of secondary structure by the 
phage RNA during its ejection from the capsid and penetration into the 
host cell. For instance, the RNA would presumably have to become un- 
ravelled into a linear single-stranded structure if it were to pass 
through a hollow core in the F-pilus, since negatively stained pili 
appear to have an axial hole or groove about 2.5 nm in diameter (Brinton, 
1965; Lawn, 1966). According to this model, a break located in any 
position in the RNA chain would be expected to result in the separation 
of RNA fragments during the penetration process. On the other hand, 
if a significant portion of the RNA molecule retained its secondary 
structure during the penetration process, this RNA would be expected to 
remain on the exterior surface of the F-pilus rather than passing 
through its interior. According to this model, single-strand breaks 
within base-paired regions of the RNA would be expected to enter the 


cell as "hidden" breaks, and to be detectable only after denaturation 
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of the penetrated RNA. 

In view of the results described earlier concerning the 
presence of secondary structure in penetrating RNA, the model in- 
volving the threading of the phage RNA into the lumen of the F-pilus 
now seems highly unlikely. Initially, the presence of secondary 
Structure in penetrating RNA was indicated indirectly by the math- 
ematical analysis of the kinetics of RNA penetration. Calculations 
showed that not all breaks necessarily result in strand separation 
but that about one in two breaks are probably "hidden" or masked by 
hairpin loops which hold potential fragments together. Subsequent 
denaturation studies of the penetrated parental phage RNA by poly- 
acrylamide gel electrophoresis in 8 M urea revealed that some hidden 
breaks do exist in the penetrated RNA and that some fragments are 
probably stabilized by intra-chain base-pairing. 

Itis to be noted that these findings are in complete agree- 
ment with those of Lupker et al. (1973),who showed that the efficiency 
of killing, a, of strand breaks arising from the decay of ora in 
highly eau Vabelled MS2 RNA phage is 0.60 + 0.08; i.e. about 6 out of 
10 breaks are lethal. This value of ao is significantly lower than 
the value of 1.0 (where every break is lethal) expected for a single- 
stranded bacteriophage, and suggests both that "hidden" breaks are 
injected into the host cell and that they do not interfere with the 
replication process. Although our data provide no information as to 
whether "hidden" breaks are subjected to repair processes in the eeLl. 
they do indicate that a significant portion of the RNA genome remains 


in a folded state during its transfer to the cell. It follows from 
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this that the RNA and A protein probably remain on the exterior 
surface of the pilus during the injection process, and it is temp- 
ting to speculate that some form of pilus retraction mechanism may 
be involved in bringing the RNA and A protein to the surface of the 
cell. Whether or not the F-pilus also promotes the penetration of 
phage components through the cell membrane remains to be determined 
in future experiments. 

The overall results discussed in this chapter strongly 
support a first-piece-only or partial injection model of RNA pene- 
tration for phage containing breaks in its RNA. The model ina 
modified form predicts that an RNA fragment, during the process of 
RNA ejection, separates from the rest of the genome at the first 
break, proximal to the leading end, that is not protected by intra- 
strand hydrogen bonding. The kinetics of RNA and A protein pene- 
tration as observed for particles with varying average number of 
breaks per genome, the absence of a substantial amount of free RNA 
fragments in the supernatant of cell infections, and the increase in 
the average molecular weight and buoyant density of partially empty 
capsids as the average number of breaks per genome increased in the 
infecting phage are all observations which can be rationalized on 
the basis of a partial injection model. In contrast, it is dif- 
ficult to explain the foregoing results in terms of an all-or-none 
model. What the data do not show, however, is whether or not there 
is a polarity to RNA injection. The question raised is: "does the 
injected RNA fragment originate from the 3'-end or 5'-end of the 
phage RNA, or does each end serve equally in the role of pilot end?' 


This problem is discussed further in Chapter VI. 




























“Ss piwui? «J stort at aesa A Gre a a =| 
aio. ef 42 bev eee WO2scetns Sty gobi acikieg afi ta sieve 
‘onsen Cpdgwiee kellqg to aro smog ga sel epeme es gaia 
ti ae ee eledoae “A bee AUS efa gatgakad wt ba-leval od 
itd eeeerda gy ott wap tbe 4 wit doq 20 toda, Cease 
Ware? pap % Meee Lite ie duos isan 
dowdy oS. svutyt 
¥ wera aide @2 bootucealb op tipwe Liters edt 7 
rs MP Io fabeat wehssa Te ti ahs “a yiporsosiq-~serl? a 21 


wotd gafathenes egetiq: 302 oaks 


we sc er Til Sores het 4 yrs na wt oorrg ert? Ey a | 
- ‘ ea Pty aT exit’ oat Sata i: is 4 notiaeter 
‘ = ; SS - 
. towed 30 2 j alt .pawonthbael o6y Of teeizenGg — a 


/ : 1 
esijonio ed?’ eawiheod,. rope hee S 


i e- 
iw vel lesaae tol Sevvsedo @s- gobo 


bidsmeooee « Fo viaseds od) poe Sep elee J 


sigiivotul Ifeo ta, tae tenregys ad tere 


v 


| fragee ‘ijJaneb Jas voud.DuG, nigtew safiondon “if Saree? 
oer 1 2 t 


ae) Qed j not WAT ¢ “WP (Re at 4m <odiut et pe oF @aia a: 








— 


gn Bustienctisr.ed aso delde an ibtevesedo Its ene Sate 










Aphoat ab ,tewstou2 nk Lobeay si udias tibiae a 36 id a 


el cong al seem arene oa ae 2 oh Th 
J pares i 


_ 
7 ir as a ll 


et opera pat hate Oi ae 7 at 








CHAPTER VI 


DIRECTION OF PENETRATION OF R17 RNA 


A. Introduction 
The genomes of various DNA bacteriophages such as SP82G 
(McAllister, 1970) and T7 (Pao and Speyer, 1973) have been shown to 
be injected into host cells linearly and with a definite polarity. 
In the case of the i} phage, the penetration of DNA was demonstrated 
to be nonpolar (Sharp et al., 1971b). The experimental design used 
by the foregoing investigators involved a study of the penetration 
of DNA fragments into the host. This was accomplished by means of 
chilling and blending techniques (McAllister, 1970), or by the prior 
breakage of DNA in situ by X-irradiation (Sharp et al., 197la; Pao 
and Speyer, 1973) or oP decay (MeAListereet ala, 1973). The genes 
carried on the penetrated fragments and the order of DNA injection 
were usually identified through the use of marker rescue techniques. 
It was shown in Chapter IV that R17 phage incubated in the 
presence of ascorbic acid and ee is inactivated as a consequence of 
the cleavage of the RNA in situ as well as by some as yet uncharacter- 
ized base alterations. It was demonstrated that such particles retain 
the ability to attach to F- pili and to inject A protein and RNA. Further- 
more, evidence obtained by several experimental approaches (Chapter V) 
strongly indicates that such particles on interacting with sensitive 
cells, inject only a fraction of their RNA. If a unique orientation 
of the RNA strand occurs during penetration, then the penetrated frag- 


ments should contain the nucleotide sequence of the 3'-end only if the 
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3'-end were the leading end in RNA penetration, or the 5'-end 
sequence if the 5'-end were the pilot end. 

Although it is not presently feasible to use marker 
rescue techniques to identify RNA fragments, it is theoretically 
possible to deduce the direction of penetration of the RNA by 
quantifying the end groups of such penetrated fragments. It is 
already established that the R17 phage RNA terminates in a guanosine 
5'-triphosphate at the 5'-end (Roblin, 1968) and an adenosine 3'-OH 
residue at the 3'-end (Thirion et al., 1968). Alkaline hydrolysis 
of the RNA thus generates guanosine 5'-tri, 2', 3'-monophosphate 
(pppGp) and adenosine (Any? as the natural terminal residues as well 
as a mixture of 2' and 3'-nucleoside monophosphates (Np) from the 
internal residues. If the injection of phage RNA is unidirectional, 
then fractional RNA injection should result in the transportation of 
one of the end terminal residuesinto the cell while its opposite end 
remains in the partially empty capsid released to the medium. For 
example, if the 3'-end of the viral RNA were the leading end, then 
fractional injection would result in the formation of partially empty 
capsids whose RNA fragments were missing the adenosine residue from the 3! 
end of the original RNA. Concurrently, the number of pppGp's relative to 
the total Gp residues produced in the alkaline ee aue ete of the RNA iso- 
lated from the partially empty capsids would increase when compared to the 
normal ratio of 0.0012 calculated for 28S R17 RNA. The opposite findings 
would be obtained if the 5'-end of the RNA were the leading end; namely, 
the proportion of the original 3'-end terminus to total RNA would in- 


crease in the partially empty capsids. The following series of experi- 
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ments were carried out with the aim of distinguishing between the 


foregoing possibilities. 


Be Results 





Olin talonmos Partially Empty Capsids on a Preparative Scale 


Partially empty capsids and phage particles which have 
interacted with host cells were obtained on a large scale by infecting 
1.0 to 1.2 liters of E. coli WP156 cells (in CTMM + 0.05% casamino 
acids) with either Beeeneno sine Simadoncdeine Tape l ed R17 phage at 
a MOI = 100 particles/cell for 40 min at 37°. These conditions of 
infection were designed to maximize the number of particles entering 
into the RNA ejection step, and the formation of partially empty cap- 
sids in infections where the parental phage was pretreated with 
PeCOrper ee Can At the end of 40 min, the culture was chilled and 
the cells removed by centrifugation (10,000 g, 10 min); the supernatant 
was then filtered through a GA-6 Gelman membrane to remove any re- 
maining cells and F-pili. Subsequently, the cell-free supernatant was 
concentrated to about 10 ml by ultrafiltration through Amicon membranes 
with an exclusion limit of MW = 100,000 (see Methods and Materials). 
The phage particles in the concentrated supernatant were then separated 
on the basis of buoyant density by equilibrium CsCl gradient centrifu- 
gation at 4°. The gradients were dripped out into about 30 fractions, 
and a small aliquot from each was assayed by liquid scintillation 
methods for Hoaated RNA. Appropriate fractions delineated in the 
profile of radioactivity were combined into 2 populations labeled 


“heavy" and "intermediate" as described previously (Figure 5.7H, 
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Chapter V). The CsCl was removed from the fractions (volume about 

1 to 1.5 ml) by 24 hr dialysis against 0.01 M Tris buffer, after 
which about 3 to 6 Av6 units of unlabeled phage were added to the 
dialyzed samples to serve as a carrier during the SDS-phenol extrac- 
tion procedure for RNA which followed. The isolated RNA was then 
hydrolyzed in 0.3 N KOH for 24 hr at 37°, neutralized, and the 
hydrolysate analysed by high voltage paper electrophoresis. The 


details of methods are described in Materials and Methods. 


De Paper Electrophoresis of Alkaline Hydrolysates of 35. 


Adenosine -and SHacuanoai meet abeled R17 RNA 

Typical electropherograms of Soe ages and Se etanaei ne - 
labeled R17 RNA alkaline hydrolysates obtained by high voltage paper 
electrophoresis at pH 3.5 are illustrated in Figure 6.1 A and B re- 
spectively. It is seen from each profile that radioactivity was 
recovered in both the 2', 3'~guanosine monophosphate (Gp) and 2', 3!- 
adenosine monophosphate (Ap) regions of the paper when e aedenosine 
or pieefenceine veanacti cela were used as the labeled precursors. 
Under the labeling conditions described in Methods and Materials, 
approximately 2% of the seadiesce appears in Ap by metabolic 
interconversion if Sl eoneiacine was the precursor. With SRonosane ies 
aS precursor, about 204 of the radioactivity was incorporated into Gp. 

As may be seen in Figure 6.1 Bs Sf oaencei ne was easily 
identified in electropherograms of alkaline digests of coe deneciaee 
labeled R17 RNA. If the RNA was isolated from phage particles with 
PFU/particle ratios of 1/10 or greater, the ratio of radioactive 


counts found in this peak to Ap counts varied from D-00L3 to 0.0015. 
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Figure 6.1 High voltage paper electrophoresis of alkaline hydroly- 
SacLessor Rly eRNA. 


Conditions of electrophoresis: 0.04M sodium citrate buffer, pH Ga, 

30 volts/cm for 105 min. The details of the hydrolysis and electro- 
phoretic procedures are given in Materials and Methods. (A) elec- 
tropherogram of alkaline hydrolysate of R1/ RNA labeled with 7H-8- 
guanosine precursor. Fractions counted’ for Gp radioactivity: 9-P2gem, 
for pppGp radioactivity: 2155-25hen. (B) electropherogram of alkaline 
hydrolysate of R17 RNA labeled with 3-2, 8-adenosine precursor. 
Fractions counted for A radioactivity: 6-9 cm (on cathode side of 
origin); for Ap radioactivity: 4-/ cm. 
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This is in good agreement with the theoretical value of 0.0013 
calculated on the basis of an estimated R17 RNA length of 3300 
nucleotides (Sinha et al., 1965), and a base composition of 23% A, 
204, Gy 264 U-and 25% C (Mitra et al. 1963). If the RNA was isolated 
from phage particles inactivated by eecorpare Cult treatment, it was 
found that the ARP ratio, as determined from radioactive counts in 
electropherograms, increased linearly with the —log (PFU/particle) 
value of the phage (Figure 4.5, Chapter IV). As discussed earlier, 
this increase is attributable to the formation of additional aan 
termini arising from free radical-mediated cleavage of the RNA. The 
peak migrating beyond pppG in the electropherogram of material labeled 
with Seguanaeiae precursor (Figure 6.1 A), was identified as pppGp by 
Watanabe and August (1968), Shimura et al. (1968), and Dahlberg (1968) , 
who analyzed phage RNA hydrolysates under similar conditions of paper 
electrophoresis. Additionally this peak co-migrated with added PpppG, 
an isomer of pppGp which had been shown by Dahlberg (1968) to possess 
an identical mobility in paper electrophoretic conditions of pH 325. 
Further confirmation of the identity of this peak was pro- 
vided by enzymatic digestion of the material eluted from this position. 
Alkaline phosphatase digestion was carried out according to the pro- 
cedure published by Roblin (1968) and the products were again character- 
ized by paper electrophoresis. The result of the experiment is illu- 
strated in Figure 6.2 A. Clearly, phosphatase incubation caused all 
Pies eadicaee mie, to migrate with unlabeled guanosine markers. No 


radioactivity was observed in the position of adenosine. It was thus 


concluded that the substrate does not possess any internucleotide 
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Figure 6.2 Enzymatic digestion of pppGp. 


The sH-labeled material migrating beyond pppG in the electropherogram 
illustrated in Figure 6.2 A was eluted and desalted as. described in 
Materials and Methods. (A) The lyophilized material ( 2500 cpm) was 
redissolved in O.}/ml of a solution consisting, of mymMyir tsebur ven (pH 
7.6) and 1 unit of alkaline phosphatase (capable of hydrolyzing 1 pmole 
of p-nitrophenol/min at 25°) and incubated for 45 min at 37 ear tro. 
the mixture (50 yl) was applied as a 4 cm band on 3MM paper and 
separated by paper electrophoresis at 30 volts/cm at pH 3.5 for 104 min. 
(B) SVP digestion. Another portion of the 3y-labeled pppGp material 

(~ 3300 cpm) was dissolved in 0.1 ml of a solution with the following 
composition: 4.5 ug/ml SVP, 0.7 M Tris-HCl (pH 7.6). Besa MgCl,. The 
mixture was incubated ‘at 37° for 2 hrs, then 50)ul was applied acta 4 
cm band on 3 mm paper and separated by paper electrophoresis as in (A). 
In both (A) and (B) unlabeled standard compounds (conc = l mg/ml) were 
dissolved in a solution with the same composition as the reaction mix- 
tures and 5 ul spotted on the origin for separation. The radioassay 

of paper electropherograms is described in Materials and Methods. 
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linkage which is resistant to the phosphatase. 

Incubation of the same Brareneiad material with snake 
venom phosphodiesterase (SVP) in the system described by Roblin 
(1968) gave the result illustrated in Figure 6.2 B. As can be 
discerned from this figure, part of the original material (about 
60%) was hydrolyzed to a product migrating at the position of pGp. 
This result is consistent with Roblin's original findings that SVP 


* 
hydrolyses pppGp to pGp and pyrophosphate (Roblin, 1968). 


3. 5'-end Group Analysis 





The relative proportion of the 5'-end terminus to total RNA 
was determined by summing up the radioactive counts in the pppGp and 
Gp peaks in the electropherograms and calculating the resulting ratio. 
As the results in Table 6.1 A indicate, the pppGp/Gp ratios of the RNA 
isolated from intact particles before exposure to cells varied from 
0.0010 to 0.0011. These ratios are consistently lower than the expected 
value of 0.0012 and may reflect the fact that a small portion of the 
residues was degraded during the course of the experiment. 

In the experiment where the infecting phage was not ascorbate- 
Cur inactivated (PFU/particle = 1/30), the pppGp/Gp ratios found for 
the RNA isolated from particles in the heavy and intermediate fractions 
of a CsCl gradient differed only slightly from that of the control 
(intact phage). This is not surprising since Class I particles in this 
preparation probably carried out complete RNA injection and very few 
partially empty capsids were formed. Previously, CsCl and sucrose 
gradient analyses had en that the RNA content of the Class II and III 


particles after exposure to cells was insignificantly altered; there- 
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fore the RNA isolated from these particles was expected to yield 
pppGp/Gp ratios similar to the theoretical value. 

In order to maximize the number of partially empty 
capsids formed and thus the number of partial genomes with signif- 
icantly altered end terminal ratios, sensitive E. coli were exposed 
to phage preparations inactivated by pScorbarestuse treatment to 
give PFU/particle ratios less than TOR. Previous studies (Chapter 
V, this thesis) have shown that the majority of partially empty 
capsids produced from such parental phage retained a major fraction 
of their original genome and banded at buoyant densities in CsCl near 
that of intact particles. The results of experiments carried out 
with highly inactivated phage were consistent and always yielded the 
Same pattern shown in Table 6.1A3 namely a moderate increase in the 
pppGp/Gp ratio in the heavy fraction, and a fairly significant addition- 
al increase in the intermediate fraction. The observed overall increase 
in the relative proportion of pppGp residues found in the RNA of cell 
exposed phage is precisely the result expected for a partial RNA in- 
jection mode where fragments containing the original 3'-end termini 
had been injected into the host. The lesser enrichment of PppGp 
residues in the RNA isolated from the heavy particle fraction can be 
attributed to the fact that the partially empty capsids in this fraction 


are comparatively denser and possess relatively longer fragments of RNA. 


4. 3'-end Group Analysis 


t2 


The procedure followed for the large scale preparation of cells 


exposed to sHoadanodine apered particles was identical to that employ- 


ed in the 5'-end group experiment. However, phage preparations were not 
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TABLE 6.1 


End Group Analysis of the RNA Isolated from Partially Empty Capsids of R17 

















(A) 
PFU/Particle Ratio pppGp/Gp Ratio (Xx 10°) 
of prec danosines 
R17 Phage Following Intact Phage CsCl Gradient-Fractionated 
Before Expo- Phage After Exposure to Cells 


cao 
Vit.C—Cu Treatment 





Sure to Cells 








Heavy Intermediate 
1/30 10.0 123.0 120 
1/240,000 20720 23.0 7.0 
1/250,000 14130 2250 3/20 
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PFU/Particle Ratio A yy /AP Rabon 10°) 


(Corrected for extraneous Ann residues 
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generated by Vit.C-Cu treatment) 
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t+ 
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inactivated too extensively with ascorbate and Gua in order to 
minimize the formation of extraneous 3'- termini containing adenosine 
residues (Figure 4.5, Chapter IV). Where necessary, the Agy/AP 
ratios listed in Table 6.1 B have been corrected for the contribution 
from extraneous A residues. 


OH 


If an RNA fragment with the 3'-A. terminus is injected 


OH 
as a result of fractional injection, then it follows from this that 
the Aoy/ AP ratios of the RNA isolated from cell-exposed particles 
will decrease and this decrease will be more acute in the RNA iso- 
lated from intermediate particles than in the material extracted 
from the heavy fraction. A zero Agy/ AP ratio would not be expected 
as the RNA isolated from particles collected in the two fractions 
would include overlapping material from Class II and III particles, 
which apparently retain a full complement of RNA. 

In view of the above expectation, it was surprising to find 
from an infection carried out with control phage (PFU/particle = 1/5), 
the low A yy /AP PFAGrosuores. HEtOe2 72x Tome obtained for the RNA isolated 
from the heavy and intermediate fractions, respectively. Under the con- 
ditions of the infection, up to 40% of the particles recovered in the 
supernatant had injected all or almost all of their RNA and banded at 
the top of the CsCl gradient. Inert Class III particles which normally 
comprise 10Z of the particles before exposure to cells would now make 
up 174 of the particles suspended at buoyant densities near 1.46 g/ml. 
If the 3'-ends of the Class III particles are subtracted from the over- 
all Agy/AP ratios, it can be calculated that up to 95% of the other 


particles in the main peak (namely Class II particles which had under- 
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gone the RNA ejection step) had lost the 3'-adenosine residue. A 
similar pattern was exhibited by the results obtained for experi- 
ments carried out with two SScurpere=Cus inactivated phage prepar- 
ations. In the infections carried out with these phage preparations 
(PFU/particle = 1/400-500), some of the original Class I particles 
would appear as partially empty capsids in the intermediate and heavy 
fractions. However, they would be indistinguishable from eclipsed 
Class II particles since the RNA encapsidated in the former would 


also be missing the original 3'-A residue as a result of the injection 


OH 
of a fragment from the 3'-end into the host cell. The additional pre- 
sence of Class I partially empty capsids was, therefore, not expected 
to alter the trend of the Aoy/AP ratios determined for the RNA isolated 
from the heavy and intermediate fractions of a CsCl gradient. 

The collective results of Table 6.1 B clearly indicate that 
the interaction of Class II particles with host cells gives rise to a 
loss of a small fragment of RNA at the 3'-end in addition to the A pro- 
tein component (Paranchych et al., 1971). The length of the 3'-end 
sequence lost is probably quite short since the density of eclipsed 
Class II particles is almost identical to that of noneclipsed phage. 
Conceivably, the loss may even be restricted to the terminal 3'- 
adenosine residue. It is not known at present whether or not the puta- 


tive short fragment that detaches from Class II particles upon inter- 


action with sensitive bacteria is transported into the host. 


C. Discussion 
The results obtained from the 5'-end and 3'-end group analyses 


strongly indicate that R17 phage RNA is injected in a polar manner and 
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that partial injection of RNA from phage particles results in a 
loss of the 3'-end of the phage RNA. Moreover it is clear that 
there is a marked loss of 3'-ends even in Class II particles which 
have not been treated with ascorbate and Gi. Presumably, Class 
II particles already have a break in the RNA chain very close to 
the 3'-end so that interaction of these particles with host bacteria 
results in the ejection of the A protein plus a very short fragment of 
RNA from the 3'-terminus. This preexisting nick in the RNA near the 
3'-end may have arisen during the assembly or release stages of Class 
II particles. A precedent for this exists in the report by Argetsinger 
and Gussin (1966) which showed that the RNA of A protein amber mutants 
assembled in a nonpermissive (RNase ia host is partially degraded by 
cellular endonucleases. Alternatively, a break near the 3'-end of the 
RNA may be introduced during or after the onset of the RNA ejection 
step triggered by the interaction of the particle with cell-associated 
F-pili. Whatever the chronology of this event, it can be said that the 
cleavage is restricted to a position close to the 3'-end since the RNA 
isolated from a freshly prepared R17 phage suspension (containing both 
Class I and Class II particles) behaves as a single homogeneous peak 
under denaturing conditions in sucrose gradients or polyacrylamide gels. 
Although inferred by various observations described here and 
elsewhere, a specific complex between R17 RNA and A protein has yet to 
be demonstrated directly. Recently, additional support for such a 
complex was furnished by Shiba and Miyake's (1975) finding that isolated 
MS2 RNA mixed with purified A protein was infectious for intact, F- 
piliated E. coli cells while RNA by itself was not. Leipold and 


Hofschneider (1975), in a similar experiment, found that an A protein- 
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RNA complex precipitated from M12 particles treated with acetic acid 
(the coat protein is solubilized) was also infectious for intact 
cells. It is tempting to interpret these results in terms of a tail 
model in which the viral RNA is indirectly attached to a F-pilus and 
pulled into the cell via the A protein. The end group analyses dis- 
cussed in this chapter suggest that the RNA sequence that might be 
involved in such a complex would probably encompass all or part of 

the tightly hydrogen-bonded loop of about 25 nucleotides at the 3'- 
end which are not translated into protein (Cory et al., 1970). On 

a more speculative note, the possibility exists that the terminal tri- 
nucleotide of ~CCAD may function as a necessary but not sufficient 
component of the A protein binding site much in the manner that tRNA's 


Lerminating in »—CCA are recognized by amino acyl synthetases. 


OH 
Further developments concerning the nature of the putative interaction 
between the A protein and the viral RNA must await the isolation and 
in vitro characterization of a discrete A protein-RNA complex. 

The finding that the 3'-end of the phage RNA ae acts 
as the leading end during penetration is significant in that it con- 
tradicts previously held beliefs, based on circumstantial evidence, 
that it is the 5'-end of the RNA which penetrates initially into the 
cell. For instance, during conjugation in E. coli, one of the two 
complementary DNA strands in the donor is transferred to the recipient 
with the 5'-end acting as the origin of transfer (Ohki and Tomizawa, 
1968; Rupp and Ihler, 1968). By inference, phage RNA was thought to 


penetrate 5'-end first in analogy to bacterial DNA transfer. Often 


cited in support of this concept was Lodish's investigation on defective 
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A protein-minus particles assembled in nonpermissive hosts infected 
by £2 amber mutants in the A protein. He found that treatment of 
such particles with RNase removed a fragment of RNA containing the 
5tterminus (Lodish, 1968 a,b). The interpretation advanced was that 
the protruding strand of RNA would normally be complexed with A pro- 
tein and that this complex would precede the rest of the genome in 
cell entry. 

A weakness of the foregoing interpretation resides in the 
inherent assumption that the molecular organization of the RNA in the 
defective particle is identical to that in normal phage. This as- 
sumption may not necessarily be valid as the defective particles are 
assembled in the absence of the A protein, a component which has been 
postulated to play an important organizational role in the early 
stages of assembly of infectious phage (Richelson and Nathans, 1967; 
Kaerner, 1970; Bonner, 1974). In contrast, the results of the end 
group analyses described in the chapter have been derived from RNA 
isolated from partially empty capsids whose predecessors were RNase 
resistant and competent with respect to the attachment and RNA ejec- 
tion processes. These partially empty particles were formed as a 
direct consequence of a normal physiological process - phage inter- 
action with sensitive cells followed by RNA injection - and not as the 
result of some overt chemical or enzymatic perturbation of structur- 
ally altered particles. It is felt that the approach taken here to 
elucidate the polarity of phage RNA penetration is more direct and the 
results obtained more indicative of the molecular orientation of the 


RNA within the phage capsid and during its penetration. 
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* It is to be noted that the peak of radioactive material migrating 
more slowly than pppGp shown in Figure 6.1 is probably pGp (although 
GIP and alkaline resistant dinucleotides have a similar mobility). 
Some of this material may arise from the degradation of pppGp. How- 
ever, the contribution from this source is not significant since the 
pppGp/Gp ratio obtained for phage RNA is close to the theoretical 
value. More likely, the creation of new 3'-N. and 5'-pG ends in 
viral RNA as a result of *OH attack and subsequent alkaline hydrolysis 
of this RNA may give rise to extra pGp residues. Consistent with this 
conjecture is the observation that more of the slower-moving material 
appears in as corbate-Cu degraded phage RNA than in untreated RNA. 
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CHAPTER VII 


SUMMARY 


The original findings presented in this thesis may be 


summarized as follows: 


1. At high MOL's of infection (MOI = 100-1000 particles/cell), 
some phage RNA is able to penetrate host bacteria in the presence of 
saturating concentrations of RNase. The injected RNA is intact and 
infectious if the RNA in the infecting phage is not degraded by 
eid cee treatment or by ear icens prior to cellular infection. 

ee eA 2 eo ions in a culture medium are chelated by EDTA, Class 
I particles undergo incomplete RNA injection. Some of the partially 
ejected RNA is degraded with the result that particles carrying 
partial genomes are produced. 

3. Rapid inactivation of R17 phage occurs when particles are 
incubated in the presence of ascorbic acid and Gash ions. The com- 
bination of the two reagents results in the formation of hydroxyl 
free radicals (‘OH) which bring about phage inactivation primarily 
through the cleavage of viral RNA and probable base alterations. 
Under conditions where phage infectivities are reduced ete fold, 
the structural organization of R17 phage remains unaltered and no 
significant change is observed in the ability of treated particles to 
undergo the adsorption, RNA ejection and penetration processes. 

4. Phage RNA penetration is polar; the 3'-end of the viral RNA 
acts as the pilot end and, together with the A protein polypeptides, 
precedes the rest of the genome in cell entry. 

5. During the ejection and penetration steps, the phage RNA un- 


folds only partially; it retains part of its secondary structure in 
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the form of loops containing complementary base pairs. 

6. If strand breaks are introduced into the RNA of potentially 
infectious phage (Class I particles) by cperpsceete treatment or 
by Sag ey, in labeled particles, then fractional RNA ejection and 
penetration occurs; strand separation probably occurs at the first 
break nearest the 3'-end which is not protected by intrastrand base- 
pairing in the partially unfolded RNA. 

7. The interaction of Class II particles (treated or untreated 
with eur here Cue) with sensitive host bacteria results in the loss of 
the adenosine residue from the 3'-end of the RNA. A scission introduced 
into the RNA near the 3'-end during particle assembly or during the RNA 
ejection step of Class II particles may have resulted in the ejection of a 
small fragment to the F-pilus or medium. 

8. Both Class I and Class II particles, upon interaction with 
sensitive bacteria, appear to lose about 10% of their coat protein 
monomers to the cell. At least some of the coat subunits are trans-— 
ported into the cell. 

9. R17 RNA fragments injected into bacteria are rapidly degraded 
by cellular nucleases soon after entry. It was observed that these 
messenger fragments appear to be stabilized in the presence of the RNA 


polymerase inhibitor, rifampicin. 


The new insights provided by the preceding observations to- 
gether with existing information have been incorporated into a revised, 
working model for R17 phage infection. Depicted schematically in 


Figure 7.1 are the fate of Class III, Class II and Class I particles 
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Class III 
particle 


E.coli Cell 


phage capsid 







RNA 





A protein 


F -pilus 





(B) RNA Ejection (C) F-pilus Retraction 
(eclipse reaction) and RNA Penetration 
Figure 7,1] Schematic representation of a revised working model depic- 


ting the mechanism of R17 phage infection of E. coli host cell. 
* Class I particle with scissions in the RNA 
! coat protein aggregate detached from capsid 
tT cleaved A protein polypeptides 
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(with or without strand scissions) during the early stages of 
cellular infection under normal physiological conditions. As 
demonstrated previously, Class III particles do not interact 
with F-piliated host cells since they lack the A protein; both 
Glass FP and I) particles adsorb ™to-f-pilt ‘but-the™latter do so 
only weakly (Paranchych et al.,1970; Krahn and Paranchych, 1971). 
The reason for the weaker adsorption of Class II particles is 
Stile now clear . 

The cumulative data indicate that Class II particles, 
although attaching comparatively weakly, undergo a similar RNA 
ejection (or phage eclipse) step as Class I particles. In the 
illustrated scheme, the RNA ejection step is envisaged to in- 
volve the cleavage of the A protein into 2 subunits of MW = 
24,000 and 15,000, the detachment of an aggregate of coat mo- 
nomers from the capsid to the F-pilus, and complete or partial 
RNA ejection. Not illustrated is a minor A protein fragment of 
MW <10,000 which Krahn et al., (1972) had attributed to a fur- 
ther degradation product of one of the larger fragments. The 
A protein and the 3'-end of the viral RNA is shown in the model 
to exist as a complex within the phage and also during the 
RNA ejection and penetration processes. Part of its secondary 
structure is retained by the RNA as it unfolds and extrudes from 
the capsid. 


As discussed previously, the presence of base-paired 


loops in the ejected RNA implies that the RNA is likely to 
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remain on the outer surface of the F-pilus and to be brought to 
the cell membrane via some movement of the pilus. In light of 
recent evidence, the transportation of A protein and RNA up 

to and perhaps through the cellular membrane is shown in the 

model to be mediated by a F-pilus retraction mechanism. Support 
for such a mechanism has come from recent observations which 
indicate that F-pili are in an equilibrium state of outgrowth 

and retraction. For example, Novotny and Fives-Taylor (1974) 

have reported that cells exposed to sodium cyanide or to temp- 
eratures between 25-30° lose pili from their surface; the level 

of cell-free pili was demonstrated not to rise as a result of 

such treatment. The interpretation advanced was that low temp- 
eratures or cyanide prevented the outgrowth of pili but not re- 
traction. Furthermore, these workers found that if pili were 
coated with pili antiserum or with excessive R17 phage before 
cells were cooled or cyanide added, no pili loss occurred. Pre- 
sumably the antiserum or phage coating the sides of pili prevented 
retraction. This explanation was also advanced to account for 

the accumulation of I-pili on the cell surface of E. coli carrying 
I-like sex factors and growing in the presence of I-pili antibody 
(Lawn and Meynell, 1972). In this laboratory, it was observed by 
Moore and Paranchych (unpublished data) that the E. coli strain 
WP102 carrying a mutation in the F plasmid exists in a multipiliated 
state (7-8 pili/cell) and is only slightly sensitive to R17 and Qp 
phages. The defect in this mutant appears to reside in its inabil- 


ity to retract pili since cooling of these cells to 30° does not 
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result in the loss of pili whereas cooling of the wild type strain 
(ED2602) does. Finally, the observations that F-pili become 
shorter and disappear after attachment of filamentous DNA phage 
to their tips and that eventually phage appears to be attached 
directly to the cell surface also indicate that pili are able to 
retract with phage attached to their tips (Jacobson, 1972; Marvin 
and Hohn, 1969). 
It must be stressed that the model postulated in Figure 

7.1 represents only one interpretation of phage infection consis- 
tent with experimental data. Although Figure 7.1 shows the pilus 
retracting intact into the cell, the alternate possibility exists 
that shortening of pili may be brought about by depolymerization of 
pilin subunits into the cell membrane. Additionally, it is conceiv- 
able that shortening of the pilus only transports the A protein and 
RNA to the cell surface while the actual penetration of phage com 
ponents may be mediated by a membrane-associated transport system. 

Another nebulous area concerns the fate of the A protein 
during phage infection. It has not been firmly established as to how 
and where chewerataee of the A protein occurs and whether or not the 
RNA remains complexed to one or both A protein fragments during pene- 
tration. Krahn et al., (1972) have reported that A protein and RNA 
are injected into cells in approximately equimolar amounts and the 
suggestion was made that the penetration of phage RNA into the host 
cell may involve the injection of an A protein-RNA complex rather 
than free RNA. As described in this thesis, the amount of A protein 
penetration remains at a steady level while the amount of RNA pene- 


tration decreases in infections carried out in the presence of RNase 
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or with Secarvaretcual srveaead phage. These observations suggest 

that either A protein penetrates into cells independently of RNA 

or that the A protein, with one end of the RNA anchored to it, is 

able to "pull" an RNA fragment of varying lengths into the cell. 

The results of these experiments also indicated that the phage equi- 
valents of A protein penetrated per cell are similar to those of 

RNA. This, however, brings up the question of the fate of A protein 
molecules which dissociate from eclipsed Class II particles. It was 
reported that A protein is not released to the medium in infected 
bacterial cultures and that some of the A protein presumably of Class 
II origin remain adsorbed to cell-associated F-pili (Paranchych et al., 
1977? ekrahn etal’ 21972) = Theserobsetvations Tin *conjunction with 

the pilus retraction hypothesis of transportation of viral components, 
however, point to a paradoxical situation in phage infection. It 
appears that, after the onset of the phage eclipse step and the trans- 
fer of A protein to the F-pilus, only the A proteins from Class I 
particles with an intact RNA attached are transported into the cell 
while A proteins of Class II origin (perhaps with a truncated piece 

of RNA) are not. On the other hand, the mole equivalents of A protein 
penetrating cells would certainly exceed that of viral RNA if A pro- 
tein from Class II particles were also transported into cells. The 
possibilities, therefore, exist that Class II A proteins are excluded 
in some manner from penetration at the cell surface or that they may 
desorb from F-pili (due to their weak interaction with the latter) 
before they could be moved up to the cell membrane. But if A proteins 
from Class II particles are excluded at the cell surface, then they 


should slough off as the F-pilus retracts or shortens and be found in 
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the medium. Although not detected in Sucrose gradients, free A 
protein from supernatants of infected cultures has been observed 
to band at the bottom of CsCl gradients (buoyant density = 1.54 g/cm>) 
either as a precipitate or as an A protein-RNA complex (data not 
shown). However,this result was not always reproducible. A pos- 
sible explanation for the failure to detect free A protein in sucrose 
gradients and sometimes in CsCl gradients may be due to the strong 
adherence of free A protein to surfaces such as dialysis membranes 
(Roberts and Steitz, 1967) and cellulose nitrate tubes (S. Reynolds, 
private communication). It is possible that all or most of the A 
protein molecules in solution may be lost as a result of their ad- 
sorption to glassware or centrifuge tubes before they could be assayed. 
The preceding discourse clearly points to a need for further 
studies to verify earlier findings, to resolve contradictions, and to 
bridge the gap existing between results and LieOby-eotmd larly. the 
hypothesis concerning the dissociation of coat monomers from eclipsed 
phage and the fate of such subunits requires confirmation and expansion 
through additional quantitative studies. As can be discerned from this 


brief overview, there is much scope for future investigations. 
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APPENDIX 


PHAGE SUICIDE BY 32 5_ DECAY 


The efficiency of killing RNA phage by ee decay can be 
calculated using the formula of Hershey et al. (1951): 


~ -6 = AC 
log Ss. = log So ee Omer aL.) leary Ay NG Clee 3 Sas) 


So and a3 are the survivors at time zero and time t (in days), 
respectively, a (efficiency of killing) equals the number of lethal 
hits in the genome. N equals the number of P atoms in the genome (3300 
for R17). Ay is the specific activity of ae in the infecting medium 
(in mCi/mg). A is the decay constant of the radioactive isotope and 
equals 0.0486 for 228 if the time is express in days. 

Ay of the 27 labeled R17 stocks used routinely in the 
experiments described in this thesis is equal to about 2 mCi/mg (see 
Materials and Methods). If secondary effects of 420 decay are not a 
factor, then at the end of 30 days, the above equation predicts that 
S/S, (fraction surviving) = 0.99. i.e., 1% of the infectious particles 
would be Enaetivaced over 30 days if only the direct effects of as 
decay were considered. 

The oP suicide studies of Lupker et al. (1973) were done 
with typical Ay's = 800 mCi/mg. At the end of 30 days, S/S would be 
0.016. The crude cell lysates of such radioactive preparation along with free, 
unassimilated a were frozen immediately at -80° to minimize phage 
inactivation by secondary effects of we decay. However, if RNA pene- 
tration studies were to be carried out with phage of such high Ao» the 
phage must be separated from the free as by using standard purification 


procedures, otherwise free 325 would be taken up by infected cells. 
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During the purification steps, however, secondary effects of ig 
decay would come into play and the purified phage would almost 
certainly end up with an undesirably low initial PFU/particle 
ratio. Such starting phage stocks are less than ideal for pene- 
tration studies in which the amount of RNA injected by phage with 
increasing number of strand breaks is to be compared to that 


injected by an original population with no breaks. 
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